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Chapter 1

Literature review



1. Literature review

1.1. HIV
1.1.1. HIV and AIDS

Human immunodeficiency virus (HIV) is the causative pathogen of acquired human immune
deficiency syndrome (AIDS) [1]. While the earliest known cases of HIV infection date from the 1960s,
this disease first became widespread from 1981. Since this time, AIDS has claimed approximately 36
million lives while roughly 37 million people are currently living with AIDS [2]. HIV is transmitted by
direct contact with contaminated body fluids. Activities like percutaneous inoculation, mucosal

surfaces contact, and particularly unprotected sex, are the common routes of HIV propagation [3].

HIV-1 and HIV-2 are the two main types of HIV virus, with HIV-1 being more pathogenic [4, 5]. HIV-
1 can be further divided into M, N, O and P groups, with group M primarily responsible for the
worldwide HIV epidemic [6]. HIV-1 mostly attacks CD4+ (CD4 positive) T lymphocyte [7] but can also
infect dendritic cells, macrophages and other cell types [8, 9]. HIV viral infection causes a progressive

death of CD4+ T cells, which leads to chronic deficiencies in the immune system.

Despite extensive efforts to develop HIV-1 vaccine, with 7 trials completed to date [10], AIDS
remains incurable. The current treatment strategy against HIV-1 targets various phases of the
retroviral life cycle ranging from viral fusion and entry to reverse transcription, integration, and
protease processing [11]. This type of combined antiretroviral therapy has been successful in
suppressing virus replication to undetectable levels, turning AIDS into a chronically manageable
disease [12]. However, not all patients can receive the antiretroviral therapy due to the high cost
and the fact that the treatment need to be maintained regularly over the course of the patient’s
life[13]. In addition, HIV has extremely high mutation rate [14] that contributes to the development
of resistance to existing antiretroviral drugs. Therefore, continuing research on HIV virus is

necessary to develop new AIDS treatments.
1.1.2. HIV-1 viral structure and life cycle
1.1.2.1. HIV-1 genome structure

HIV-1 belongs to the Retroviridae family and Lentivirus genus. The viral genome consists of two

identical copies of positive-sense single-stranded RNA with a length of approximately 9.7 kb (Fig.



1.1.A). Each RNA strand contains 9 open reading frames which can be classified into 3 groups:
structural genes (gag, pol and env), regulatory genes (tat and ref) and accessory genes (nef, vif, vpr
and vpu) [15]. It is also suggested that the secondary RNA structure of HIV-1 genome modulates
viral protein expression [16, 17]. The nine genes encode 15 proteins. The Gag gene encodes the Gag
protein precursor, the main structural protein which gives rise to p17 matrix protein (MA), p24
capsid protein (CA), spl (between CA and NC), nucleocapsid proteins (NC), sp2 (between NC and
P6), and p6. The N-terminus of the Gag protein is myristoylated co-translationally, allowing it to be
anchored to the plasma membrane for virion assembly [18, 19]. A ribosomal shift at the gag-pol

¥
Le

IMMATURE o MATURE

Fig. 1.1. HIV-1 genome and virion. A. The HIV-1 genome contains 2 identical copies of positive-
sense single-stranded RNA (+ssRNA) molecules. Each strand (~9.7 kb) encodes 9 open reading
frames flanked by two long terminal repeats at both ends. The genes can be divided into three
groups: structural genes (gag, pol and env), regulatory genes (tat and ref) and accessory genes
(nef, vif, vpr and vpu). B. Immature (left) and mature virions (right). The HIV-1 virion is a spherical
particle with a diameter between 100-200nm. The main structural features are the viral
membrane, structural protein matrix, capsid and viral genome (from outermost to the innermost).

Images adapted from ViralZone (https://viralzone.expasy.org/7).
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junction (with a frequency of 5-10%) lead to the expression of Gag-Pol precursor [20]. The Pol
precursor is subsequently cleaved into viral protease (PR), reverse transcriptase (RT) and viral
integrase (IN) [21]. PR plays a proteolytic role during virion maturation [18], while RT and IN are
responsible for protein reverse transcription and integration of viral genome into host genome
respectively [22, 23]. This frameshift mechanism is employed by HIV-1 virus to produce fewer
catalytic proteins (PR, RT and IN) relative to the main structural proteins (MA, CA and NC) [24, 25].
The Env gene encodes glycoprotein precursor gp160, which is then processed into envelope proteins
gp120 and gp4l. Gpl20 localizes to the outer face of the viral membrane while gp4l is a
transmembrane protein; together they form the spike complex, which is responsible for target-cell-
recognition, attachment, and fusion [26, 27]. The regulatory genes tat and rev encode the viral
transcriptional trans-activator (Tat) and the regulator of expression of the virion (Rev). Tat enhances
the efficiency of viral gene expression [28] and Rev mediates export of viral mRNA into cytoplasm
[29]. The accessory genes nef, vpu, vif and vpr encode the negative regulatory factor (Nef), the viral
protein U (Vpu), viral infectivity factor (Vif) and viral protein R (Vpr) respectively. These accessory
proteins modulate viral infectivity by interacting with various host factors [30-34].

1.1.2.2. HIV-1 virion structure

HIV-1 virions are spherical particles approximately 100-200 nm in diameter [35, 36]. The main
features of mature virions are the viral membrane, structural protein matrix, capsid and viral
genome. (Fig. 1.1.B, Right). The viral membrane is composed of a lipid bilayer derived from the
plasma membrane of infected host cells during viral assembly [37]. There are approximately 14
glycoprotein spikes, each composed of 3 gp120 and 3 gp41 subunits, integrated on the outer face
of the viral membrane that facilitate viral entry [38]. ICAM-1 from the host cell is also incorporated
into the viral membrane to assist viral entry [39]. The matrix shell is associated with the inner face
of the viral membrane, and is comprised of 2000-5000 MA protein [40]. MA plays a key role in
modulating the early and late steps of viral morphogenesis [41]. Inside the MA shell is the conical-
shaped capsid, which consists of approximately 1500 CA protein [42]. The capsid is deposited into
the host cell cytoplasm following viral fusion and plays a key role in viral infection by shielding the
HIV-1 genome from the host immune response as well as interacting with a range of host factors
through its canonical host-factor-binding-interfaces. The capsid encapsulates the viral genome,
which is comprised of two copies of positive-sense single-stranded RNAs which are tightly bound by

NC proteins that stabilize the viral genome [43]. Viral genome, NC, IN, RT, and packaged host tRNA-



lys altogether form the ribonucleoprotein complex [44]. It should also be noted that the above
description applies to the structure of a mature HIV-1 virion in an immature virion, prior to the PR-
mediated cleavage of Gag and Gagpol precursors [37], the Gag and Gagpol molecules are arranged

in a radial manner (Fig. 1.1.B) inside the MA shell.
1.1.2.3. HIV-1 life cycle

Overall, the HIV-1 life cycle describes the process by which a HIV-1 virus productively infects a target
cell, leading to the production of progeny HIV-1 viruses. This sequence of events is generally divided
into the early phase (Fig. 1.2.A-D: cell recognition and entry, cytoplasmic transport, nuclear entry,
completion of reverse transcription, capsid uncoating and integration of the proviral DNA, whereby
the order of events is still under debate and some processes overlap) and the late phase (Fig. 1.2.E-

I: transcription, nuclear export, viral protein expression, assembly, budding and maturation).
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Fig. 1.2. HIV-1 life cycle. A-D. Early life cycle of HIV-1 infection. A. Target cell recognition. B.
Membrane fusion and cell entry. C-D. Cytoplasmic transport and nuclear entry coupled with
reverse transcription and capsid uncoating, followed by integration. E-H. Late life cycle of HIV-1
infection. E-F. Production of viral RNA and viral proteins G. Transport and assembly of the viral
components at the inner cell membrane. H-I. Viral budding, release and maturation. Image

adapted from ViralZone (https://viralzone.expasy.org/5096).

Early phase of HIV-1 life cycle

The HIV-1 life cycle begins with the recognition and binding of an infectious virion to a target cell
(Fig. 1.2.A). The viral glycoprotein gp120 first recognizes and binds onto CD4 receptors of the host
cell membrane, which triggers a conformational change of gp120 promoting its binding to the co-
receptor CCR5 (C-C chemokine receptor-5) or CXCR4 (CXC chemokine receptor-4) [26, 45]. These
events induce a conformational change of gp41, which leads to the fusion of the virion with the cell

membrane and the release of the viral core into the cytoplasm (Fig. 1.2.B) [46].

Upon cell entry, reverse transcription is initiated while the viral core is transported towards the
nucleus (Fig. 1.2.C). Reverse transcription describes the production of viral cDNA by using cellular
deoxynucleoside phosphates (dNTPs) as substrates, cellular ATP as energy, and the viral RNA
genome as template [47, 48]; the process is facilitated by the reverse transcription complex (RTC),
which defines the complex containing the viral RNA genome and associated proteins [49]. Upon
finalization of reverse transcription, the viral complex containing viral cDNA and associated
components is then referred as a pre-integration complex (PIC)[50]. Alongside with reverse
transcription, the viral core comprising capsid and RTC/PIC is transported towards the nucleus by
exploiting the microtubule network and motor protein complexes including dynein and kinesin
[51-54]. When the viral core reaches the nucleus, it docks at the nuclear pore complex (NPC) and is
actively translocated into the nucleus [55-57]. The viral core containing the RTC/PIC is released
into the nucleus and the viral DNA is integrated into the host genome at selected sites as
facilitated by the viral integrase and assisting proteins [58, 59] (Fig. 1.2.D). Alternatively, the viral
DNA could form a 2-long terminal repeat instead of integration because of non-homologous end
joining, leading to failed infection [60]. Capsid uncoating, which is defined as the disassembly and

release of capsid lattice from the viral core, is functionally coupled with all other processes in the
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early life cycle; however, the precise timing, location, and mechanism of uncoating is still under

debate (see 1.1.3.2).

Late phase of HIV-1 life cycle

The provirus is transcribed by host RNA polymerase Il and the resulting mRNAs, either spliced mRNA
or viral RNA, are exported into the cytoplasm (Fig. 1.2.E). The viral RNA serves as mRNA for Gag and
GagPol synthesis [25], with GagPol being expressed as a result of the programed frameshift as
discussed above (Fig. 1.2.F). The spliced mRNA is translated into viral regulatory proteins (Rev, Tat),
accessory proteins (Vpu, Nef, Vif, Vpr) [61], and the structural protein gp160 [62]. Rev, Tat, Vpu, Nef,
Vif, Vpr serve as regulators of viral replication, with Rev and Tat being active in the nucleus while
Vpu, Vef and Vif are active in the cytoplasm [63]. Gp160 is glycosylated in the Golgi network and
cleaved into gp120 and gp41prior to being transported to the cell periphery to serve as envelope

proteins (Env) [62].

Viral assembly proceeds in lipid rafts at the cell membrane when the Gag/GagPol precursors are
recruited to the cell periphery (Fig. 1.2.G) [37]. Domains of MA direct Gag/GagPol to targeting sites
at the plasma membrane [64, 65] and aid Env incorporation [62]. Gag interacts with dimeric
assemblies of the viral genomic RNA, leading to the packaging of viral RNA. The viral accessory
protein Vpr [63], together with host factors such as cyclophilin A (CypA) [66] and inositol
hexaphosphate (IP6) [67], are packaged into the virion. Following viral assembly, the immature
virion buds and releases from the host cell via the endosomal sorting complexes required for
transport (ESCRT) pathway [37] (Fig. 1.2.H). Concomitant with virion release, viral PR cleaves Gag
and GagPol precursors, leading to the maturation of the virion and the structural rearrangement

described above [22, 37] (Fig. 1.2.H).
1.1.3. HIV-1 capsid
1.1.3.1. Roles of HIV-1 capsid

The HIV-1 capsid is functionally involved in multiple aspects of HIV-1 early infection including innate
immune response evasion [56, 68, 69], reverse transcription [70-72], retrograde transport [51-53,
73, 74], timely uncoating, nuclear entry [56, 75, 76], and integration site targeting [77, 78]. All these
steps are regulated by the interactions between various host factors and capsid lattice or CA protein,
and by the spatiotemporal integrity of capsid. In other words, the capsid has evolved as a finely

tuned complex which exploits host factors to manipulate its spatiotemporal stability for successful
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infection. HIV-1 CA is genetically fragile, i.e., many point mutations would lead to deficient
replication [79], potentially by altering capsid stability or by disrupting the interactions between
capsid and host factors. As such, HIV-1 capsid has been considered an attractive therapeutic target.
Increasing numbers of host factors and novel small molecules have been recently demonstrated to
bind the capsid. However, in many cases, the mechanisms underlying these interactions remain

unclear.
1.1.3.2. Structure of HIV-1 capsid

The HIV-1 capsid is a fullerene cone that houses the viral genome along with essential viral proteins
and host factors (Fig. 1.1.B, right). This protein shell consists of approximately 1500 copies of CA
protein (p24), which form approximately 250 hexamers and exactly 12 pentamers that facilitate the
curvature for closure of the structure [80, 81] (Fig. 1.3.D). In this thesis ‘CA’ will be used to describe

the monomeric protein (p24) and ‘capsid’ will be used to describe the assembled capsid shell.

A

Fig. 1.3. HIV-1 CA, subunits, capsid. A. Top) Side view of a CA monomer with its main secondary
structures indicated. The NTD and CTD are colored in orange and blue, respectively. Bot) 1 CA
monomer highlighted in the context of a CA hexamer (sideview). B-C. Top views of CA hexamer (B)
and CA pentamer (C), with the representative positions of the intra-subunit interaction (NTD-NTD)

and the inter-subunit interaction (CTD-CTD) highlighted with black and red circle, respectively. D.
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3D model of HIV-1 capsid with hexamers shown in orange and pentamers shown in yellow. E.
Hexamer of hexamers. Representative 6-fold, 3-fold and 2-fold axis are indicated by black
hexagon, triangle, and ellipse, respectively. Images A-C generated from PDB(3H4E; 3POA) using
Chimera; D and E adapted from [82, 83]. Not to scale.

1.1.3.2.1. HIV-1 CA monomer

The CAmonomer is 231 amino acids in length and contains 11 a-helices, a 3-10 helix and a B-hairpins
[84]. The overall arrangement of CA protein is comprised of two independently folded domains, an
amino-terminal domain (CAntp) and a carboxy-terminal domain (CAcrp) that are linked together by a
highly flexible linker (Fig. 1.3.A, top). The CAnm (amino acid 1-144) starts with two short B-hairpins
and contains 7 a-helices (H1-H7). The residues 85-93 between H4 and H5 form a highly hydrophobic
loop known as the CypA-binding loop, which is named after its interaction with host protein CypA
[85]. Residues 145-149 form a linker between the CAxtp and CAcrp domain, which is highly flexible
in solution [84]. The CAcro domain (amino acid 150-221) starts with a short 3-10-helix and contains
4 a-helices (H8-H11) [84]. The residues 222-231 at the tail of CAcrp are usually not detectable in
crystal structure [86]. Within H8 there is a 20-residue motif (amino acid 153-172), known as the
major homology region (MHR), that is reported to be highly conserved among retrovirus and
important for particle assembly [87, 88]. The linker region and CTD domain are more mobile than

the NTD, which might account for the curvature of the capsid lattice [82].
1.1.3.2.2. HIV-1 CA hexamers and pentamers

The CA hexamer and pentamer assemblies, both of which are formed by CA monomers, serve as the
basic structural units of the capsid lattice (Fig. 1.3.B-E). Hexamer and pentamer formation are
mediated by the NTD-NTD interactions (Fig. 1.3.B-C). Intermolecular interactions between H1, H3
from one CA monomer and H2 from the neighboring CA monomer within a hexamer form an 18-
helix bundle (15 for pentamer) oriented towards the center, thus forming the 6-fold (5-fold for
pentamer) axis [82, 83, 89]. Aliphatic amino acids on these helices face towards the middle of the
helices triplets and generate a small hydrophobic pocket [82]. A highly positively charged R18 ring
at the center of the hexamer, which is formed by the six Argl8 residues, has been suggested to
import dNTPs (deoxy-ribonucleotide triphosphates) and ATP into the closed capsid [70]. This
observation, along with other in vitro data [90], supports the possibility of reverse transcription
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happening within an intact capsid. Studies have also suggested that the CTD-NTD interaction
between contiguous CA monomers within the hexamer/pentamer, involving H4, H7, H8 and H11, is
critical for capsid stability [91, 92]. However, this interface is more generally recognized as a binding

pocket for some host proteins and small molecule antiviral compounds (see 1.1.3.4.3).
1.1.3.2.3. HIV-1 capsid lattice

The HIV-1 capsid lattice is maintained by interactions both within and between the subunits (Fig.
1.3.B-E). Adjacent subunits (hexamer-hexamer or hexamer-pentamer) are held together by CTD-
CTD interactions (Fig. 1.3.C). H9 and 3-10 helix are responsible for interactions at the 2-fold axis,
which is the dimeric interface between 2 CA monomers from 2 adjacent hexamers [89, 93, 94] (Fig
1.3.E, black eclipse). The amino acids Trp184 and Met185 play important roles in defining the
interaction at the 2-fold interface. H10 and H11 are responsible for interaction at 3-fold axis, which
is the trimeric interface formed by 3 CA monomers from 3 adjacent hexamers [93-95] (Fig 1.3.E,
black triangle). The 6-fold axis contains the R18 ring, which is suggested to be a destabilizing feature
that is tolerated by the capsid for efficient recruitment and import of cellular molecules like dNTPs
and ATP (Fig 1.3.E, hexagon). Although an intact HIV-1 capsid commonly presents a conical
architecture, it can also adopt tubular or polyhedral morphologies based on the incorporation site
of pentamers within the capsid lattice [35, 96]. It is although worth noting that not all CA proteins
are incorporated into capsid lattice within a virion; ~5000 gag precursors are packaged while the
capsid consists of only ~1500 CA [42, 89]. These non-incorporated CA molecules have been

speculated to assist in maintaining the organization of capsid [97].

To expand our understanding of HIV-1 infection, it is critical to investigate the factors that regulate
capsid structure and stability, as well as further characterize the interactions between HIV-1 capsid
lattice and host factors [98-100]. In vivo and in vitro assays serve as top-down and bottom-up
strategies that are co-operatively exploited to study these questions. /n vivo infection assays
represent a fundamental technique for identifying capsid-dependent host factors and validating
their physiological relevance in HIV-1 infection [101-103]. In vitro assays utilizing isolated native viral
cores [35, 104], virus-like particles (VLPs) [105, 106], and in vitro capsid assemblies [70, 83, 95] are
useful platforms for studying capsid structure, stability, and the capsid-host interactions. Viral cores
and VLPs, which are isolated from cells and therefore contain the host factors that normally bind to
the capsid, represent a more physiologically relevant substrate for examining capsid structure and

the capsid-host interactions. However, there are distinct advantages to investigating these
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questions using in vitro capsid assemblies: 1) it is a minimal, defined system that allows us to focus
on specific aspects of capsid biology in the absence of these host factors; 2) these reagents are
easier to obtain in large quantities. Therefore, we use in vitro capsid assemblies for all the

investigations throughout this thesis.

Using recombinant CA protein, in vitro capsid assemblies can be induced by high ionic strength
(usually 1 M NaCl) [107]; capsids assembled in this fashion adopt long, tubular shapes that are quite
different from the native capsid [108]. The addition of host protein CypA at high molar ratio during
assembly can reverse the morphology of capsid to native-like [108, 109]. A recent study also
demonstrates that capsid assembly can be performed at physiological ionic strength in the presence
of host factor IP6 [110]. However, the assembly of WT CA is reversible and requires specific assembly
conditions to maintain integrity of the lattice, making it an unideal reagent to use under many
experimental conditions. CA-NC tubes, assembled from CA-NC (capsid-nucleocapsid) protein,

display an architecture similar to CA tubes and exhibit increased stability [76, 111, 112].

During the past decade, approaches that take advantage of CA with modified cysteine mutations to
make crosslinked stabilized capsid assemblies have been more broadly used for generating capsid
assemblies for in vitro binding assays. Pornillos et al. reported a range of crosslinking CA constructs,
two of which (A14C/E45C/W184A/M185A and A14C/E45C) have been frequently used [83, 113]. CA
protein with the A14C/E45C/W184A/M185A mutations can be assembled into soluble CA hexamer
which was used to resolve the first crystal structure of CA hexamer, providing the earliest structural
evidence for the inter-hexamer interactions [83]. This construct has proven useful across a range of
techniques including crystallization [67, 70, 114, 115], size-exclusion coelution [73, 116], isothermal
titration calorimetry [117-120], and surface plasmon resonance [106, 121]. Construct A14C/E45C
assembles into WT-like CA tubes and has been widely used in pull-down assays [73, 122, 123]. This
construct was also employed to develop as a biosensor where the CA tube is used as substrate in a
total internal reflection fluorescence microscopy-based HIV-1 capsid binding assay [124]. Summers
et al. established a library of construct that forms CA assembly intermediates (from 1/3 hexamer up
to heptamer-of-hexamer) [125]. The authors demonstrated that these engineered CA assemblies
are easily compatible with techniques including crystallization, size-exclusion coelution and ITC.
These constructs could serve as a powerful toolbox although they have not been broadly explored
yet. Zhao et al. described CA A204C and generated the cryo-EM structure of a fully assembled capsid

[95]. Because this construct assembles into a cone-like shape, similar to the native capsid, it is
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commonly used. Lau et.al recently used this construct in a confocal fluorescence spectroscopy-
based assay [126]. We also combined this construct with the point mutation A92E (to overcome
capsid aggregation by reducing the hydrophobicity of capsid surface) to prepare soluble, cone-

shaped capsid that are well-suited for a variety of single molecule assays (see 3.3).
1.1.3.3. HIV-1 capsid uncoating

The spatiotemporal integrity of HIV-1 capsid, which is believed to be modulated by both the nature
of capsid and its interactions with host factors, is key to infection. While maintaining a closed capsid
is essential to prevent detection of the viral genome by the cellular immune response, to release
the viral DNA, the capsid must also open at an appropriate time and location, in a process known as
uncoating. The precise timing and location of uncoating are still debatable after almost 30 years of
research. Several seemingly contradictory uncoating models have been proposed, including the
immediate uncoating model, the cytoplasmic uncoating model, the NPC uncoating model, and the

nuclear uncoating model (Fig. 1.4).

The immediate uncoating model (Fig. 1.4.A) is mainly based on two early studies. An electron-
microscopy-based infection assay suggested that no intact capsid can be observed at the viral fusion
site upon cell entry [127]. Another biochemical assay quantifying RTC suggests that CA and intact
capsid are largely absent from RTC shortly after cell entry [47]. Both assays suggest that uncoating
happens concurrently or shortly after cell entry. However, this model is challenged by several
observations that viral genome needs the protection of capsid from cytosolic DNA sensors [69, 128],

and that CA is needed for integration [129] and for infection of non-dividing cells [130].

The cytoplasmic uncoating model (Fig. 1.4.B) suggests that capsid is partly disassembled from RTC
while the viral core is transporting to the nucleus. Two live cell imaging assays using GFP
incorporated HIV-1 virus, coupled with a Cyclosporin A (CsA) washout assay, suggest that CA is
gradually released from capsid within 4h post infection [131, 132]. Another live cell imaging assay
using GFP incorporated HIV-1 virus reported that capsid opening occurs approximately 30 min post-
infection [133], which is consistent with live cell imaging assays that fluorescently label viral RNA
upon capsid opening [134]. The observation that eukaryotic elongation factor 1 (eEF1) is bound to

RTC as a reverse transcription cofactor [135] also suggest that capsid is at least partly open in the
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Fig. 1.4. Models of HIV-1 capsid uncoating. A. Immediate uncoating. Capsid completely

disassemble shortly after cell entry. B. Cytoplasmic uncoating. Capsid disassembles gradually during
cytoplasmic trafficking towards nucleus. C. NPC uncoating. Capsid remains intact during cytoplasmic
trafficking and disassembles at NPC. D. Nuclear uncoating. Capsid enters the nucleus fully or largely

intact and disassembles in the nucleus. Image adapted from [136].

cytoplasm. However, this model is challenged by the question as to how a partially deconstructed
capsid is able to protect the viral genome from a host immune response. One speculation is that
host cellular factors are recruited in a CA dependent manner to mask and protect viral genome from

host immune sensors [137, 138].

The NPC uncoating model (Fig. 1.4.C) suggests that the capsid remains intact until it reaches the

NPC; this view is primarily supported by the research demonstrating that the viral genome
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requires the protection of capsid from cytosolic DNA sensors [69, 128]. Another live cell imaging
assay that visualizes capsid uncoating with labelled CypA (CypA-DsRed) suggests that the capsid is
needed to facilitate docking of the viral complex at the NPC, and that capsid bound to the nuclear
pore displays accelerated uncoating [56]. The observation that the R18 pore at the center of the
hexamer can recruit dNTPs and ATP also provide a potential model for how reverse transcription
could take place in the enclosed capsid [70]. This model is challenged by observations that early

[47] or gradual [131, 132] CA loss is detected during cytoplasmic trafficking of viral complex.

The nuclear uncoating model (Fig. 1.4.D) suggests that the capsid remains largely intact when it
enters the nucleus. This hypothesis is supported by observations that assembled HIV-1 cores are
observed in the nucleus [57, 139-142]. However, a number of physical constraints have called the
validity of this model into question. The inner diameter of NPC, which was thought to be ~40 nm
[143, 144], i.e. narrower than the diameter of an intact HIV-1 capsid which is usually 45-60 nm in
width [95]. It was therefore proposed that the capsid could be remodeled to transport through the
NPC [140] or even enter the nucleus in an endocytosis-like pathway independent of NPC transport
[145]. However, a recent study has shown that the inner diameter of the NPC is actually wider (~64
nm) than previously estimated allowing the passage of an intact (or nearly intact) HIV-1 capsid [57].
While the nuclear uncoating model has gained considerable support in recent years, more evidence

is required to unequivocally test it.

Despite of the controversy of the uncoating model, it has been shown that uncoating is functionally
coupled with all steps of HIV-1 early infection including reverse transcription [146, 147], cytoplasmic
transport [52, 148-150], nuclear import [151, 152] and integration [139, 141]. Besides, numerous

host factors have been reported to modulate capsid uncoating as summarized in reviews [98, 153].
1.1.3.4. Canonical binding interfaces of HIV-1 capsid and interacting host factors

As mentioned previously, interactions between HIV-1 capsid and multiple host factors mediate
many critical aspects HIV-1 infection. Significant progress has been made towards understanding
capsid structure and capsid-host interactions in the past decades; however, much remains unknown.
In this section we will briefly enumerate the canonical binding interfaces on HIV-1 capsid lattice and

the host factors that have been shown to directly interact with these motifs.

1.1.3.4.1. The CypA-binding loop and interacting host factors

14



The CypA-binding loop is a highly hydrophobic loop at N-terminal of CA monomer (aa 85-93) that
stretches outwards from the capsid lattice, with G893 and P90A being the key residues for host factor
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CypA, Nup358, TRN-1 : CPSF6, Nup153, Sec24C

.

\

74
- ‘e
q 1
4

P90
G89 - y
faR )

LAY o »

O AN TRIM/SG/:/ AL A P ~
"i y TRIMCyp S S . %
. .-\‘ . r \ L - i $ y r / l‘l '

Tri-hexamer interface
MxB
RSN AT
B
A F 9

Central pore
Nucleotides, IP6, FEZ1

& > 2% !
?3 ‘: acols el
" E71

A

Fig. 1.5. Canonical binding motifs of HIV-1 capsid and known interacting host factors. The CypA

k. Tle

-69

69

binding loop, NTD-CTD interface, central pore, and tri-hexamer interfaces are indicated in a trimer-
of-hexamers with yellow, green, red, and blue shapes respectively (middle, bottom). Major motifs
of the canonical binding sites are shown in the zoomed in images (corners), with the selected key
residues highlighted. The bottom bar indicates the electrostatic surface potential. Schematic display

of TRIMS5 cage is also indicated (middle, top). Image adapted from [99].

interaction [85, 154] (Fig. 1.3.A and Fig. 1.5). Host factors that have been identified to interact with
the CypA-binding loop so far include Cyclophilin A (CypA), Nucleoporin 358 (Nup358), and B-
karyopherin Transportin-1 (TRN-1).

CypA is a peptidyl prolyl cis-trans isomerase that was first demonstrated to bind capsid and
modulate HIV-1 infection almost 30 years ago [85, 155]. However, due to the cell-type-dependent
effects of CypA on viral infectivity [156-158] and capsid stability [159], the mechanism by which it
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functions remains unclear. CypA is able to recognize the G89 and P90 residues of CA monomer,
meaning that CypA-capsid interaction does not require an assembled capsid lattice [154]. Recent
studies suggested that one CypA molecule can simultaneously bind to two [109] or three [160] CA
molecules from adjacent CA hexamer to stabilize the HIV-1 capsid. However, these additional
binding sites, if they exist, are quite weak based on the observations that CypA binds to CA monomer,
hexamer, or capsid lattice with highly similar affinities [77, 106, 121, 154]. A complete understanding
of how CypA modulates HIV-1 infection remains elusive due to the fact that CypA could either
promote or restrict HIV-1 infection in a cell-type dependent manner [158, 159, 161, 162]. One
popular speculation is that CypA binding enhances the ability of the HIV-1 virus to evade the host
immune response. This model is supported by a number of observations: 1) the CypA-capsid
interaction inhibits immune responses towards HIV-1 infection in TE71 cell line [163]; 2) loss of CypA
binding triggers type-l interferon response which restricts HIV-1 infection in human monocyte-
derived macrophages [68]; 3) CypA protects HIV-1 infection by shielding the capsid from restriction
factor tripartite motif 5a (TRIM5a) binding in lymphocytes [164]. In addition, it is also known that
CypA indirectly modulate HIV-1 infection by regulating the interactions of capsid with other host
factors [77, 161, 165, 166].

Nup358 is the largest component of the nuclear pore complex (NPC) and is functionally involved in
cellular processes like nuclear pore translocation and cell cycle progression [167]. It was first
identified as a host factor involved in HIV-1 infection by three independent genomic scale screens
[101-103], and depletion of Nup358 has been shown to decrease HIV-1 infectivity [131, 150, 168].
The CTD of Nup358 contains a cyclophilin-like domain which directly binds to the CypA-binding loop
of HIV-1 capsid [77, 131, 169, 170]. A crystal structure of this domain in complex with the NTD of
HIV-1 CA shows that the residue P90 of the CypA-binding loop is key to the interaction, similar to
the CypA-CA interaction [170]. However, in contrast to CypA, Nup358 is insensitive to the inhibition
of cyclosporin when binding to HIV-1 capsid suggesting that the Nup358-capsid interaction differs
from the CypA-capsid interaction [77]. In line with its role as a component of NPC, Nup358 has been
implicated in mediating the docking of HIV-1 cores at NPC and subsequent nuclear entry [75, 131,
150, 171, 172]. It has also been suggested that Nup358 relocates in a Kif5B dependent manner from
NPC to the cytoplasm to meet the incoming HIV-1 capsid prior the nuclear entry of the HIV-1 core

[75].
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TRN-1 is a B-karyopherin that recognizes the nuclear localization signals of target proteins and
contributes to their nuclear import [173]. Two early studies reported that TRN-1 is responsible for
the recognition and import of HIV-1 Rev protein [172, 174]; however, whether these processes
modulated HIV-1 infection were not investigated. A recent study claims that TRN-1 is required for
HIV-1 infection in a capsid-dependent manner [175]. The study first demonstrated that TRN-1 binds
to the CypA-binding loop primarily via the residue G89 based on infection assays and in vitro binding
assays. The study then showed that TRN-1 promoted uncoating of HIV-1 cores isolated from infected
cells and in vitro assembled CA-NC tubes. The study further suggested that TRN-1 promoted the

nuclear entry of the HIV-1 core.
1.1.3.4.2. The Central pore and interacting host factors

The central pore is a size-selective channel at the center of each CA hexamer, with a highly positively
charged R18 ring formed by 6 arginine each from a CA monomer within the CA hexamer [70] (Fig.
1.5). Host factors that have been shown to interact with the R18 ring include nucleotides (dNTPs,
ATP, rNTPs), IP6, and FEZ1. In this thesis we demonstrated that BICD2 also binds to the R18 ring (see
4.2.2).

Cellular dNTPs are used by the HIV-1 virus as substrates for the reverse transcription of the viral
genome while ATP hydrolysis is required by reverse transcriptase. Jacques et al. reported that HIV-
1 capsid can recruit and import dNTPs and ATP through a dynamic pore at the center of the CA
hexamer, raising the possibility that reverse transcription could be facilitated within a fully enclosed
capsid [70]. This study offered the first description of the size-selective pore at the middle of CA
hexamer and the R18 ring as a binding interface on HIV-1 capsid. The authors reported that the
interaction between ATP/dNTPs and the R18 ring showed high affinity (6-40 nM), fast on-rate (>
2x108 M1 s?) and fast off-rate (>12s2). These observations suggest that HIV-1 capsid could recruit
ATP/dNTPs from cytoplasm and import them into the interior of HIV-1 capsid, thereby providing
substrates and energy for reverse transcription. CA hexamers lose binding with nucleotides when
the positive charge of R18 ring is removed by mutation R18A or R18G, confirming that the positively
charged R18 ring is important for recruiting nucleotides. In addition, the authors observed that
dNTPs and rNTPs (ribonucleoside triphosphates) bind to R18 ring equally well while other
polyanions like hexacarboxybenzene or inorganic phosphate (when tested at a concentration 5
times higher than its cellular concentration) could also compete with nucleotides for the R18 ring.

These results imply that the R18 ring potentially could non-selectively interact with polyanions in
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cells. A recent study which reconstitutes HIV-1 reverse transcription in vitro also confirmed that

reverse transcription can take place in an enclosed HIV-1 capsid [90].

IP6 is a strongly negatively charged metabolite that is highly abundant in a range of organisms
including humans [176]. IP6 was first reported to be recruited to the R18 ring to stabilize capsid and
promote DNA synthesis by Mallery et al. [67]. Co-crystallization of IP6 with CA hexamer reveals that
IP6 binds to the R18 ring. Addition of IP6 dramatically stabilizes HIV-1 capsid based on an in vitro
uncoating assay, likely because the binding of IP6 neutralizes the potential destabilizing effect
coming from the electric repulsion of the six arginine in the R18 ring. The authors further
demonstrated that high concentrations of IP6 and ATP promoted DNA synthesis, which was
proposed to result from the stabilized HIV-1 capsid. An independent study from Dick et al. confirmed
that IP6 binds to the R18 ring based on a crystal structure of IP6 and CA hexamer [110]. The authors
also show that IP6 is a vital host factor for the assembly of both immature HIV-1 gag lattice and
mature capsid lattice based on a combination of in vitro structural and functional analyses. Both
studies estimated that IP6 is incorporated into HIV-1 capsid lattice at a ratio of roughly one IP6
molecule per CA hexamer [67, 110]. The enhancement of reverse transcription by increased capsid
stability was also confirmed by a recent study reconstituting HIV-1 reverse transcription in vitro [90].
Mallery et al. further reported that viruses unable to package IP6 were deficient in maturation,
capsid stability, and infectivity, indicating that IP6 is required for viral production in the producer

cell and for viral infectivity in target cell [177].

FEZ1, the mammalian homologue of Caenorhabditis elegans protein UNC-76, is functionally
associated with axonal outgrowth [178] and neuronal development [179]. It is also recognized as an
adaptor protein of kinesin-1 motor [180-182]. Based on cellular infection assays, early studies
reported that overexpression of FEZ1 restricted HIV-1 infection in fibroblast cell line [183] and in
neurons [184]. However, more recent studies have demonstrated that endogenous levels of FEZ1
are required for HIV-1 infection [53, 73, 185]. Malikov et al. first reported that FEZ1 is the adaptor
protein for the kinesin-dependent transport of the HIV-1 viral core in the cytoplasm [53]. The study
showed that FEZ1, kinesin-1, as well as the interaction between FEZ1 and kinesin-1, were all
necessary for HIV-1 infection and the overall retrograde transport of the HIV-1 viral core. The
authors also demonstrated that FEZ1 directly bound to in vitro assembled CA-NC tube. In a
subsequent study, Malikov et al. suggested that FEZ1 is also involved in HIV-1 capsid uncoating

based on the observations that depletion of FEZ1 delayed uncoating [186]. Huang et al. reported
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that FEZ1 binds to the R18 ring of HIV-1 capsid via its negatively charged motifs [73]. The authors
proposed that a cluster of glutamic acid residues (aa182-186) form the primary HIV1-capsid-binding
motif on FEZ1, based on observations that truncations including this region co-pellet with capsid in
pull-down assays using assembled CA tubes, while truncations excluding this region do not.
Truncations including this region are observed in co-elutes with CA hexamer but not CA assemblies
reproducing other canonical binding interfaces on capsid, suggesting that FEZ1 specifically binds to

the R18 ring of CA hexamer.
1.1.3.4.3. The NTD-CTD interface and interacting host factors

The NTD-CTD interface is orientated between two adjacent CA monomers in a CA hexamer (Fig. 1.5).
Residues within helices 3 and 4 from NTD in the first CA monomer, helices 2 and 7 from NTD of the
second CA monomer, and helices 8 and 9 from CTD of the second CA monomer together form the
NTD-CTD interface [82, 92]. Numerous host factors have been shown to interact with the NTD-CTD
interface, including cleavage and polyadenylation specific factor 6 (CPSF6), nucleoporin 153

(Nup153), and Sec24 homolog C (Sec24C).

CPSF6 is a pre-mRNA processing protein that dynamically shuttles between the cytoplasm and
nucleus [187], while a truncated CPSF6 lacking the C-terminal nuclear targeting domain that is
confined to the cytoplasm has also been identified [188]. Overexpression of this truncated CPSF6-
358, prevents nuclear entry and inhibits HIV-1 infection [112, 189-191]. This effect is likely due to
the inability of the truncated CPSF6-358 to facilitate the nuclear entry of the HIV-1 viral core, in line
with the observation that the inhibition of infection is released when CPSF6-358 is targeted to the
nucleus by fusion of a heterologous nuclear localization signal [190]. CPSF6313.327 has been identified
as the minimum binding motif that interacts with CA protein via its phenylalanine-glycine (FG) motif,
with N74 of HIV-1 CA being a key residue for the interaction [118, 189, 192]. Different studies have
reported different Kp values for the interaction between CPSF313.327and CA proteins, with an overall
trend that CPSFs13.327 binds more tightly to CA hexamer [118, 120, 193] compared to CA monomer
or CAntp [118, 189, 194]. Crystal structures of CPSF6313.327 in complex with HIV-1 capsid confirmed
that CPSFs13.327 binds to the NTD-CTD interface [118, 119]. An in vitro binding study observed that
CPSF6-358 destabilizes CA tubes, which counters previous reports that CPSF6-358 lead to
abnormally stabilized HIV-1 core [190, 191]. Two recent studies using the full-length CPSF6 provide

direct evidence that CPSF6 facilitates the nuclear entry of the HIV-1 viral core based on data showing
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that disruption of either the full-length CPSF6 or the interaction between HIV-1 capsid and the full-

length CPSF6 leads to deficient nuclear entry of the HIV-1 core.

Nup153 is an essential component of the nuclear pore complex (NPC) that is localized to the
nucleoplasmic side of the NPC [195]. It was first identified as a host factor involved in HIV-1 infection
by three independent screens [101-103]. Nup153 is required for the nuclear entry [131, 165, 196,
197], and likely nuclear targeting [117, 165, 198], of the HIV-1 viral core. Co-crystallization of CA
hexamer and the FG-motif containing Nup1531407-1423 revealed that NUP1s3 binds to the NTD-CTD
interface of HIV-1 capsid lattice [119]. The same study also suggested that Nup1531407-1423 binds to
CA hexamer much more tightly than to CA monomer based on isothermal titration calorimetry (ITC)
binding assays. The crystal structure of Nup1531407-1420 and CA hexamer from a separate study
confirmed that Nup153 binds to the NTD-CTD interface [197]. The residue N57, rather than N74, is
key for the interaction between Nup153 and HIV-1 CA hexamer [119, 197], indicating that while
both Nup153 and CPSF6 bind to the NTD-CTD interface, the structural bases for these interactions

are distinct.

A recent study reported that Sec24C, a component the coat protein complex Il (COPII) involved in
vesicle trafficking [199], is required for HIV-1 infection in a capsid dependent manner [114]. The
study identified Sec24C in a mass spectrometry-based proteomics as a capsid binder and then
confirmed the interaction in vitro using isolated viral cores and in vivo based on a proximity ligation
assay (PLA). Knockdown of Sec24C decreased capsid stability, reverse transcription, and nuclear
entry but not entry of the virus into the cell. The binding motif was narrowed down to Sec24Cigs 314
using a Trim-fusion-based restriction assay and then further narrowed down to a Sec24C;;s.242 Which
contains similar FG motifs compared to CPSF6313.327 and Nup1531409-1423. Co-crystallization of CA
hexamer and Sec24Ci96.314 Showed that the interaction is via the NTD-CTD interface, with N57 and

N74 both vital for the interaction.
1.1.3.4.4. The tri-hexamer interface and interacting host factors

The tri-hexamer interface is located at the junction of three adjacent CA hexamers (Fig. 1.5) and is
formed by residues within helices 10 and 11 from 3 neighboring CA monomers (each from one of
the three adjacent CA hexamers) [96]. It is comprised of 12 glutamate residues (E71, E72, E212, and
E213 from 3 monomers) that form a highly negatively charged groove [200]. The host factor

myxovirus resistance protein B (MxB) has been identified to bind to this interface.
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MxB is a dynamin-like GTPase serving as an interferon-inducible antiviral protein [201]. MxB is
recognized as an HIV-1 inhibitor by restricting nuclear entry integration [200, 202-206]. Fribourgh
et al. first showed that MxB directly binds to capsid assemblies, but not to CA monomers, pentamers
or hexamers, to restrict HIV-1 infection, suggesting that the interaction requires a capsid lattice at
least larger than a hexamer [206]. Schulte et al., later showed that an N-terminal 25 aa region
containing a triple arginine motif is necessary for the MxB-capsid interaction [205]. A recent study
revealed that MxB binds to the tri-hexamer interface based on biochemical/biophysical
characterizations and molecular dynamics simulations [200]. The study showed that mutations of
CA at the tri-hexamer interface disrupted both the MxB-capsid interaction and the restriction of
MxB towards HIV-1 infection. This result was confirmed by a separate study based on the
observations that MxB only co-elute with CA assemblies bearing the tri-hexamer interface in a SEC

co-elution assay using engineered CA assemblies which mimic various sizes of capsid lattice [125].

In this section (1.1.3.4) we only mentioned the host factors that have been demonstrated to directly
interact with the canonical binding sites of HIV-1 capsid. Capsid binders that exhibit a more
complicated binding pattern (e.g., TRIM5 [207, 208]), whose binding interfaces have not been
identified, (e.g., BICD2 [52, 74]), and infection-relevant host factors which may indirectly associate

with the capsid (e.g., TRN-3 [209], Kif5B [52, 150]), have not been discussed.
1.2. HIV-1 retrograde transport

Many viruses utilize the host cytoskeleton and motor protein complexes to transport in the
cytoplasm [210, 211]. As a lentivirus, HIV-1 virus needs to traverse the cytoplasm prior to nuclear
entry and integration. Considering the size of the HIV-1 viral core and the crowded nature of the
cytoplasm, this process is assumed to occur via active transport rather than by free diffusion. This
view is supported by the fact that cytoplasmic transport of HIV-1 particle requires the microtubule
network [51]. Cytoplasmic dynein and kinesin are the two main cytoplasmic motor complexes that
facilitate retrograde and anterograde transport of cargoes along microtubules [212]. Recent studies
provide evidence that HIV-1 capsid exploits both dynein [52, 74] and kinesin-1 [53, 73, 186] motor
complexes for the active transport of the HIV-1 viral core towards the nucleus during the early stages
of viral infection. In this section we will discuss the basics of microtubule structure and dynamics

followed by several current models for how HIV-1 capsid is transported through the cytoplasm.
1.2.1. Microtubules
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Microtubules, together with actin and intermediate filaments, constitute the multifunctional

cytoskeleton network in all eukaryotic cells which is involved in multiple important cellular
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Fig. 1.6. Microtubule structure and plus-end dynamics. A. Arrangement of af3-tubulin
heterodimer, which is the building block of microtubule, into protofilament and further into
microtubule. GTP/GDP binding site in a- and B-tubulin is colored in yellow. B. Microtubule anchors
at the MTOC with its minus-end while grows towards the cell periphery with its plus-end. C.
Microtubules plus-end grows when GTP hydrolysis is slower than the incorporation of ap-tubulin
into the lattice (i.e, the GTP cap is present). When GTP hydrolysis is faster than the incorporation

of aB-tubulin, microtubule undergoes rapid disassembly. Images adapted from [213, 214].

processes including cell division, cell morphology, and intracellular transport [215-217]. The af-
tubulin heterodimers, which are the building blocks of microtubule, polymerize head-to-tail into a
polar protofilament (PF) with B-tubulin exposed on the plus end and a-tubulin exposed on the minus

end. Each aB-tubulin has two guanosine triphosphates (GTPs) binding sites: an E-site (exchangeable)
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in B-tubulin which can exchange guanosines diphosphates (GDP) with GTP when an un-incorporated
tubulin dimer is free in solution, and a N-site (non-exchangeable) in a-tubulin which is constitutively
occupied by GTP [218-220]. Typically, 13 PFs associate laterally into a hollow microtubule where the
seam describes the lateral contacts between a- and B-tubulins [213, 221] (Fig. 1.6.A). Microtubules
have an outer/inner diameter of approximately 25/13 nm (Fig. 1.6.A), and a length ranging from
sub-micrometer to more than 100 um [222, 223]. Within the cell, the more stable, minus end of
microtubules are anchored at the microtubule-organizing center (MTOC) via y-tubulin ring complex
(YTuRC), while the dynamic plus end radiates outwards towards the cell periphery (Fig. 1.6.B) [213,
215, 223]. A cluster of acidic residues at the C-terminal tail of a- and B-tubulin make the surface of
microtubule highly negatively charged, which is key for the interactions between microtubule and
many microtubule associated proteins (MAPs) [224, 225]. Microtubule undergoes various post-
translational modifications, which is another key feature that contributes to microtubule regulations

and functions [226-228].

Microtubules exhibit dynamic instability, meaning that microtubules frequently switch between
rapid growth and shrinking phases [214, 229]. Microtubule dynamics are regulated by multiple
factors including the concentration of soluble tubulin, MAPS [223, 230, 231], and mechanical forces
[232-234]. On a basic level, microtubule growth simply represents the addition of aB-tubulin dimers
onto existing protofilaments [233, 235]. The GTP bound at the E-site of B-tubulin is hydrolyzed soon
after the tubulin dimer is incorporated into the microtubule lattice; hydrolysis of the GTP at E-site
of B-tubulin is assembly-dependent because the incoming subunit functions as a GTPase activating
protein (GAP) which complete the binding site to enable hydrolysis [220, 236, 237]. Upon GTP
hydrolysis, the ‘GTP af-tubulin’ turns into ‘GDP af-tubulin’, gradually forming a GDP lattice. When
the incorporation rate of af-tubulin dimer is faster than the GTP hydrolysis rate, a GTP cap presents
at the plus-end and the microtubule keeps growing (Fig. 1.6.C, left); when the GTP hydrolysis rate is
faster than the incorporation rate of ap-tubulin dimer, the microtubule undergoes rapid

disassembly (Fig. 1.6.C, right) [214, 229, 237-240].

In this thesis, we will use microtubules only as the track along which motor protein complexes
transport HIV-1 capsid. However, given the dynamic nature of microtubules, they need to be
stabilized to prevent disassembly over the time range of our experiments. GMPCPP [241-244] and
paclitaxel (taxol) [245-250] are commonly used microtubule stabilizing agents to prepare stabilized

microtubules for in vitro assays. GMPCPP is a slowly hydrolyzing analog of GTP, that stabilizes
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microtubules by slowing down the hydrolysis rate since GTP hydrolysis, leading to microtubules that
are bound exclusively in the GTP state [241, 242, 244]. In contrast, taxol is a compound that was
first reported to stabilize microtubules in late 1970s [247, 251] and is widely used as a
chemotherapeutic drug for cancer by targeting cell division [252]. It binds to the microtubule lattice

and stabilizes it through a mechanism that remains unclear.
1.2.2. Dynein dependent transport

Dynein is a microtubule motor responsible for retrograde transport and numerous studies have
implicated its involvement in HIV-1 infection [253-255]. The earliest direct evidence of HIV-1 virus
utilizing cytoskeleton for transport was reported by McDonald et al. in 2002, who proposed that
HIV-1 relies on microtubule and dynein to deliver the viral genome towards the nucleus [51]. Other
studies have identified the interactions between dynein subunits and components within the viral
core including Vpr [256] and IN [254, 257] that contribute to the transport of HIV-1 core. However,
these observations are difficult to reconcile with several models for uncoating, because dynein
would not be able to access Vpr or IN while the capsid core remains fully intact in the cytoplasm.

Nevertheless, these initial studies clearly demonstrate the involvement of dynein in HIV-1 infection.

Dharan et al. reported that the HIV-1 viral core recruits the dynein motor complex for retrograde
transport via BICD2 [74], a known adaptor protein for dynein [258, 259] that had also been shown
to be required for HIV-1 infection [102]. The study showed that BICD2 associates with HIV-1 capsid
during infection based on a proximity ligation assay; direct interactions between BICD2 and capsid
were confirmed using in vitro pull-down experiments with CA-NC (capsid-nucleocapsid) tubes. The
study further suggested that capsid binds BICD2 via its C-terminal CC3 (coiled-coil 3) domain, which
is the canonical cargo binding domain of BICD2 [260].

Carnes et al. presented a systematic analysis of the interplay between HIV-1 virus and the dynein
motor complex, further supporting the notion that the viral core engages dynein-dynactin-BICD2
complex for transport to the nucleus [52]. The authors performed knock-down experiments
disrupting subunits of dynein or dynactin, as well as BICD2, followed by cell-based HIV-1 infection
assays. Reduced infection and nuclear import, but not reverse transcription, were observed after
knock-down of dynein heavy chain, BICD2, or dynactin subunits. The proportion of non-motile viral
cores significantly increased upon the knock-down of dynein heavy chain or BICD2. For the viral

cores that were still motile, the average distance of their retrograde transport decreased. Taken
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together, the authors suggested that the dynein-dynactin-BICD2 motor complex is recruited by the
viral core to mediate its transport to the nucleus. The study also confirmed that BICD2 directly binds
to capsid based on an in vitro pull-down assay using CA-NC tube. Surprisingly, the study showed that
both the N-terminal CC1 (coiled-coil 1) domain and CC3 domain of BICD2 bind to HIV-1 capsid, which
is unexpected since CC1 is generally recognized as the dynein-dynactin binding domain of BICD2
[261, 262]. Together, these two studies suggest a model in which HIV-1 capsid recruits dynein via
BICD2, thus forming a dynein-dynactin-BICD2-capsid complex that facilitates the retrograde

transport of the HIV-1 viral core.
1.2.3. Kinesin-1 dependent transport

Multiple studies have shown that kinesin-1, an anterograde motor that transports cargoes to the
cell periphery, also contribute to the retrograde transport of HIV-1 capsid [53, 73, 75, 150, 186, 263].
While these results initially seem contradictory, it is in line with the current thinking of how cargo
transport is implemented in the cell [264, 265]. Specifically, many systems have demonstrated that
the net movement in one direction depends upon the action of both retro- and anterograde motors.
Consistent with this idea, bi-directional movement of the HIV-1 viral core in the cytoplasm during
early infection has been demonstrated by early live cell imaging [51]. However, a clearer picture of

how kinesin direct the transport of HIV-1 core has only recently become available.

Malikov et al. in 2015 reported that HIV-1 capsid could recruits kinesin-1 via the adaptor protein
FEZ1 to support the retrograde transport of the viral core [53]. This study first showed that FEZ1,
kinesin-1, as well as the interaction between these factors are required for HIV-1 infection. FEZ1 was
confirmed to directly bind to HIV-1 capsid by in vitro pull-down assay using CA-NC tubes. Disruption
of FEZ1 or kinesin inhibited overall retrograde transport without affecting dynein, suggesting that
kinesin and FEZ1 actively contribute to the retrograde transport of the HIV-1 viral core. Based on
knock-down assays, Malikov et al. further reported that the kinesin-1 heavy chain, but not the light
chain, was responsible for the retrograde transport of HIV-1 core [186]. Both studies from Malikov
et al. suggest that phosphorylation of FEZ1 at residue serine 58 is important for the formation of a
kinesin-FEZ1-capsid complex, in line with previous reports that the interaction between FEZ1 and
kinesin-1 depends upon this phosphorylation event [182]. While FEZ1 had previously been shown
to be involved in HIV-1 infection [183, 184], as well as a known kinesin adaptor [180-182], these two
studies linked these observations together and presented a more complete model in which FEZ1 is

the adaptor protein for the kinesin dependent transport of HIV-1 capsids.
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Huang et al. reported that FEZ1 binds to HIV-1 capsid via the electrostatic interaction between the
R18 ring of capsid and the negatively charged motifs on FEZ1 [73]. The authors proposed that a
cluster of glutamic acid (aa 182-186) form the primary HIV1-capsid-binding motif on FEZ1, based on
observations that truncations including this region co-pellet with CA tubes, while truncations
excluding this region do not. Furthermore, truncation fragments containing this region are observed
to co-elute with CA hexamer but not CA assemblies resembling other canonical binding interfaces
on capsid, suggesting that FEZ1 specifically binds to the R18 ring of CA hexamer. However, mutations
of this motif do not significantly inhibit the transport of HIV-1 core in cells, although they do cause
a moderate reduction in HIV-1 infection. This study provided the earliest evidence for the capsid-
FEZ1 interaction at a molecular level. These three studies together suggest a model where HIV-1
hijacks kinesin via FEZ1, thus forming a dynein-dynactin-BICD2-capsid complex to contribute to the

overall retrograde transport of the HIV-1 viral core.
1.2.4. Model of HIV-1 retrograde transport

Evidence to date suggests that HIV-1 capsid utilizes both dynein and kinesin motor complexes, via
the adaptor proteins BICD2 and FEZ1, to facilitate retrograde transport of the HIV-1 viral core during
early infection [52, 53, 73, 74, 186]. Disruption of dynein-dynactin-BICD2 complex or kinesin-1 result
in the accumulation of HIV-1 core at the cell periphery [51-53, 186] while depletion of FEZ1 leads to
a failure of HIV-1 to reach the nucleus [53, 186]. In short, while HIV-1 cores exhibit net retrograde
transport in the cytoplasm, this process requires both dynein and kinesin motors, whereby
anterograde transport by kinesin is presumably required to bypass obstacles and/or transport the
capsid from the microtubule organizing centre (MTOC) to the nuclear pore complex. Based on these
observations, Dharan and Edward proposed a model for HIV-1 cytoplasmic transport that dynein
transports the viral core towards the nucleus while kinesin contributes as a mechanism to bypass
obstacles by pulling the viral core back a few steps or switching the HIV-1 core to neighboring
microtubules [266]. The authors further speculate that the kinesin-1 motor can be turned on or off
based on the phosphorylation state of FEZ1 serine 58; such a mechanism could limit the contribution
of kinesin to the transport only when HIV-1 core needs to bypass obstacles. In addition, it has been
suggested that HIV-1 capsid could interact with multiple microtubules associated proteins (MAPs)
to modulate microtubule stability, adding another level of possible regulation to the transport

process [267].
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| present a fictional model for the retrograde transport of the HIV-1 viral core (Fig. 1.7) based on the
model proposed by Dharan and Edward [266] as well as a number of other considerations: 1) dynein
confers the ability to slightly rotate while walking owing to its relative flexible motile behavior [268,
269]; 2) intracellular cargoes could rotate at microtubule intersection [270]; 3) cargoes with multiple
motors could efficiently rotate while walking [269], 4) the HIV-1 capsid lattice is large enough to

recruit multiple sets of adaptors/motors (to be discussed in Chapter 4 and Chapter 5).
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Fig. 1.7. Fictional model of the retrograde transport of HIV-1 viral core. 0) Upon cell entry, HIV-1
core is released into the cytoplasm and HIV-1 capsid recruits multiple BICD2 and FEZ1 molecules for
tethering to motor complexes. 1) The HIV-1 core is transported inwards by dynein-dynactin-BICD2
complex while encounters a cellular cargo which is transported outward by kinesin complex.
Possible scenarios contains: 1-1) Both complexes pause until one of them falls off, or one complex
pushes the other into its own direction; 1-2) The viral core takes few steps back, as facilitated by
kinesin-1, until there is no more conflict; 1-3) The viral core rotates to bypass obstacle; 1-4.1) The
viral core released from the microtubule and landed onto another microtubule by kinesin-1, or
dynein, or both; 1-4.2) Dynein takes charge and continue to transport the viral core towards the
nucleus; 2) The viral core is transported by dynein alone without coming across obstacles. The

fictional model was adapted referring to [266]. Not to scale.
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1.3. Motor protein complexes

Motor proteins are defined as biological molecules that transform chemical energy into mechanical
forces to assist a range of biological processes, and are broadly classified into cytoskeleton motor
proteins, nucleic motor proteins and rotary motors [271]. Cytoskeleton motors include dynein and
kinesin which move along microtubules, and myosin which moves along actin filaments [272]. Each
motor belongs to a superfamily that are comprised of multiple sub-families. Dynein can be sub-
divided into cytoplasmic dynein and axonemal dynein [273]. The kinesin super-family contains at
least 45 kinesins which can be classified into 15 subfamilies from kinesin-1 family to kinesin-14B
family [274]. Both dynein and kinesin are controlled by complicated auto-inhibition and activation
mechanisms to ensure that the motors are only active when engaged in cellular activities, such as

cargo transport, in order to avoid unnecessary consumption of cellular ATP.

In this thesis we will only discuss cytoplasmic dynein and kinesin-1, the motors primarily responsible
for driving retrograde and anterograde transport in the cytoplasm. We focused on these two motor
complexes because they have been demonstrated to regulate HIV-1 infection [51, 53, 73, 186, 253-
255, 275]. Throughout the text, we will refer to cytoplasmic dynein as dynein and kinesin-1 as kinesin

in following paragraphs unless otherwise specified.
1.3.1. Dynein motor complexes

The dynein motor complex is responsible for the retrograde transport of cargoes [273, 276, 277].
Dynein is auto-inhibited by itself and exhibits static interactions or small diffusive movements along
microtubules in vitro [262, 278, 279]. Dynactin is an essential co-factor of dynein for almost all
functions [280, 281]. Both dynein and dynactin are large, multi-subunit complexes which together
form the main body of dynein motor complex. Dynactin itself cannot be efficiently coupled to dynein
unless an adaptor protein links them together [262, 280, 282]. An adaptor protein can link dynein-
dynactin on one end and tethers a cargo to dynein-dynactin on the other end, thus forming an
activated dynein-dynactin-adaptor-cargo complex for cargo transport [283-286]. However, the
binding of the adaptor alone to dynein and dynactin is not sufficient to release the auto-inhibition
until a cargo is attached. On the other hand, truncated adaptor proteins lacking the cargo binding

domains can activate dynein-dynactin and give rise to motility in vitro [262, 287, 288].

1.3.1.1. Dynein

28



Dynein is a large motor protein complex (~1.4MDa) which presents as dimer with each monomer
consisting of 6 subunits (Fig. 1.8. A). A dynein dimer consists of 2 heavy chains (DHC, ~520 KDa each),
2 intermediate chains (DIC, ~74 KDa each), 2 light intermediate chains (DLIC, ~55 KDa each), and 2
sets of light chains (DLC, each set contains RB1, LC8 and Tctex1; all ~ 10 KDa) [276, 286] (Fig. 1.8. A).
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BICD2N) and DDBC (dynein-dynactin-BICD2-capsid) complexes transporting towards the minus end
of the microtubule. Not to scale. The protein arrangement of BICD2N and FL-BICD2 are indicated

in the dashed box. Images adapted from [276, 280].

As the largest subunits, the DHC dimer forms the structural and functional core of dynein. The DHC
contains a C-terminal motor domain and a N-terminal tail domain. The N-terminal tail domain
contains a dimerization domain (NDD) followed by a region that associates with the DLCs, DIC and
DLIC [289, 290]. The end of the tail domain joins the motor domain. The motor domain contains a
ring-shaped ATPase head, a stalk with the microtubule binding domain (MTBD), and a linker. Six
AAA+ (ATPase associated with various cellular activities) modules form the ring-shaped ATPase head.
Of the six AAA+ modules, AAA1 is thought to be the primary ATP hydrolysis site, AAA2-4 are thought
to be subsidiary sites for ATP hydrolysis and nucleotide binding, while AAA5 and AAA6 are proposed
to be structural components since they lack nucleotide binding motif [291, 292]. The motor domain
connects to the tail domain via the linker, which also spans across the AAA+ ring and undergoes
conformational changes coupled with the dynein powerstroke cycle [292, 293]. The stalk protrudes
out of the AAA+ ring and contains the MTBD on its tip for interacting with microtubule. The buttress,
which contacts the stalk on one end and AAA5 on the other end, is speculated to regulate the

conformation of the stalk during the dynein powerstroke cycle (Fig. 1.8.A, Fig. 1.9.A) [294].

Dynein motility occurs via cyclical conformational changes of dynein coupled with ATP hydrolysis,
resulting in the movement of dynein motor complex towards the minus end of microtubule. This
process, which is often referred to as the dynein powerstroke cycle, can be attributed to changes of
the relative position between the AAA+ ring and the linker domain [291-294]. The C-terminal end of
the linker is anchored with AAA1 while the N-terminal alters its positioning relative to the AAA+ ring
during the dynein powerstroke cycle. In the absence of nucleotide binding, dynein is in its post-
powerstroke conformation where the MTBD binds tightly to microtubule while the N-terminal of
the linker contacts AAA4 or AAAS depending on dynein isoform (Fig. 1.9.A, right; B, a). ATP binding
to AAA1 triggers a chain of conformational changes which weakens the MTBD-microtubule
interaction leading to the detachment of dynein from the microtubule. Shortly after detachment,
dynein adopts its pre-powerstroke-l conformation where the AAA+ ring and the stalk rotate away
from microtubule towards the MT-minus-end while the N-terminal of the linker rotates to near

AAA2/AAA3 (Fig. 1.9.B, b). Coupled with ATP hydrolysis, dynein transits from pre-powerstroke-I to
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pre-powerstroke-Il conformation by rotating back near to microtubule thus allowing the MTBD to
weakly bind a new site on the microtubule lattice (Fig. 1.9.B, c). Upon release of phosphate and ADP,
the powerstroke brings the N-terminal of the linker to AAA4 again thus dragging the dynein motor
complex and its cargo one-step-nearer to the minus end of microtubule. Meanwhile, dynein transits
back to the post powerstroke conformation and MTBD binds tightly to microtubule again (Fig. 1.9.B,
d).
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Fig. 1.9. Dynein heavy chain and the dynein powerstroke cycle. A. Sequence (left) and arrangement
(right) of dynein heavy chain. B. In the absence of nucleotide, MTBD binds to microtubule tightly
and dynein adopts its post-powerstroke conformation with the linker contacting AAA4 or AAAS. ATP
binding to AAA1l cause conformational rearrangement and weakens the MTBD-microtubule
interaction, resulting in the releases of dynein from microtubule by tilting away into its pre-l
conformation. Upon or after ATP hydrolysis, dynein tilts near to microtubule into its pre-Il
conformation and MTBD binds weakly onto microtubule. Release of ADP then rest the cycle and the

MTBD binds tightly to microtubule again. Images adapted from [293].

1.3.1.2. Dynactin
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Dynactin is also a large protein complex (~¥1.2MDa) comprised of 23 subunits (11 different proteins)
[280, 281], which was first identified as a co-factor for dynein motility in vitro [295, 296]. Dynactin
can be structurally divided into 3 major domains: the Arpl (Actin-related protein 1) filament, the
point end complex, and the shoulder complex (Fig. 1.8.B, left) [280]. The Arp1 filament is composed
of 8 copies of Arp1 (light purple), 1 copy of B-actin (dark purple), 1 copy of CapZ a— dimer (green),
and 1 copy of Arpll (yellow) [289]. The scaffold of the Arpl filament is arranged into 2
protofilaments, with 5 copies of Arpl in one protofilament and 3 copies of Arpl plus 1 copy of B-
actin on the other protofilament [289, 297]. The Arp1 filament, like an actin filament, is polar with
CapZ a—P dimer capping its barbed end and Arp11 capping its pointed end. The Arp1 filament serves
as the backbone of the dynactin complex. The pointed end complex, which is made up of 3 subunits
(p25, p27 in red and p62 in orange), binds to Arp11 on the pointed end of the Arp1 filament. The
pointed end complex is suggested to be involved in cargo targeting [298, 299]. The shoulder complex
contains 2 copies of p24, 4 copies of p50, and 2 copies of p150 which together form the shoulder
region (blue) and the p150°"“ed arm (grey) [280, 289]. The shoulder region, which contacts the Arp1
filament, is predominantly formed by p24 and p50. The p150°"¢? arm is a dimer of the p150 subunit,
which is the largest subunit of dynactin complex. The C termini of the p150°“¢® arm joins the
shoulder region while its N termini forms the CAP-Gly (cytoskeleton-associated protein glycine-rich;
light yellow) domain which mediates docking of dynactin complex onto microtubule [300, 301]. In
between the N and C terminus are 3 coiled-coil domains (CCla, CClb and CC2) and an intercoiled
domain (ICD) [280]. The projection of these coiled-coil domains is not resolvable when dynactin is

not bound to a microtubule [289, 297], suggesting that it could adopt multiple conformations.
1.3.1.3. Dynein-dynactin-BICD2N (DDb) and dynein-dynactin-BICD2-capsid (DDBC) complexes

As mentioned above, an adaptor protein tethers a cargo to dynein and dynactin, thereby forming
an activated dynein-dynactin-adaptor-cargo complex to transport the cargo [283-286]. BICD2 is a
well-known adaptor protein that facilitates intracellular transport [258, 259] and has been
suggested to mediate the interaction of HIV-1 capsid to the dynein-dynactin complex [52, 74]. The
binding of BICD2 to dynein and dynactin is not sufficient to release auto-inhibition until a cargo is
recruited. However, a truncated BICD2 N-terminal (BICD2N) that lacks the cargo binding C terminus
has been shown to efficiently recruit dynein and dynactin to form the active but cargo-free dynein-
dynactin-BICD2N complex (hereafter termed as DDb) [262, 287]. In Chapter 4 of this thesis, we

present our efforts to reconstitute the dynein-dynactin-BCID2-capsid complex (referred to as DDBC)
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complex and examine its motility along microtubule in vitro. We have also reproduced the DDb
motility assay as means to confirm the production of functional dynein and dynactin for
downstream experiments. The organization of DDBC and DDb are schematically shown, where ‘b’
in ‘DDb’ refers to the truncated BICD2N, distinguishing it from the uppercase ‘B’ which refers to FL-
BICD2 in ‘DDBC’ (Fig. 1.8.C).

1.3.2. Kinesin-1 motor complexes

Kinesin-1 is responsible for the anterograde transport of cargoes. Kinesin-1 motor exists as either a
dimer consisting of two copies of kinesin heavy chain (KHC) or a tetramer consisting of two copies
of KHC with to two copies of kinesin light chain (KLC) bound. Both the kinesin-1 dimer [302-304] and
the kinesin-1 tetramer [305, 306] [307] have been demonstrated to facilitate the transport of
cellular cargoes. Kinesin-1 can be divided into three isotypes based on the differences in KHC (Kif5A,
Kif5B, Kif5C), with Kif5B being ubiquitously expressed while Kif5A and Kif5C are enriched in neurons
[274]. The auto-inhibition and activation mechanisms of kinesin are less understood compared to
dynein, although it has been shown that KHC is autoinhibited by itself in a head-to-tail manner [308-
310] while KLC contributes to another layer of auto-inhibition [311, 312]. Existing evidence suggest
that the transport of HIV-1 capsid is facilitated in a kinesin dimer dependent manner [53, 73, 186].
Therefore, we will focus on KHC in this section followed by a brief discussion of the proposed model

for the kinesin-FEZ1-capsid complex.

All 3 isotypes share a similar structure consisting of a N-terminal motor domain, a neck linker, a stalk
domain containing several coiled-coil regions connected by flexible hinges, and a tail domain (Fig.
1.10.A-B) [274, 313]. The full length Kif5 is autoinhibited in a tail-to-head manner which requires
the binding of adaptor and cargo for activation (Fig. 1.10.B) [308-310]. In comparison, the N-
terminal truncations of kinesin including Kifizo and Kifsgo are not autoinhibited and show motility in
in vitro assays with similar characteristics to the motility of full-length kinesin in vivo [308, 314].
Therefore, these truncated kinesins have been extensively studied for understanding the activity of
kinesin motors on a mechanistic level [308, 314-316]. The motor domain contains both the
microtubule binding site and the ATPase site [313, 317-320]. Kinesin motor head binds to the groove
of between a- and B-tubulin, with a- and B-tubulin equally contributing to the interaction which is
primarily facilitated by the electrostatic interaction between the positively charged residues on
kinesin and the strong negative charge on the microtubule lattice [319, 321]. The ATP binding site

in kinesin is formed by three motifs: a phosphate binding loop (P-loop), a switch-1 motif, and a
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switch-2 motif. In the absence of microtubule, both motor heads of kinesin recruits ADP. When one
motor head binds to a microtubule, it undergoes a conformational change at the ATP binding site
which favors ADP release and ATP recruitment to initiate a mechanochemical cycle [318, 322]. In
short, binding of the leading head (i.e., the motor head that is nearer to the plus end of microtubule)

to a microtubule drives ADP release and the leading head switches into an apo state where it opens
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Fig. 1.10. Kif5 structure, autoinhibition, activation, and mechanochemical cycle. A. Kif5 consists of
a N-terminal motor domain, a neck linker (NL), a stalk domain containing 3 coiled-coil regions
connected by flexible hinges, and a C terminal tail domain. B. Full length Kif5 is autoinhibited in a
tail-to-head manner while a N-terminal truncation (Kif5420) is an active motor by itself. C.
Mechanochemical cycle of kinesin demonstrated with an Kifsz0. D. Cartoons showing an active Kif5420
and Kif5-FEZ1-capsid (KFC) complex walking towards the plus end of the microtubule. Not to scale.
Images adapted from [313, 323].

binding site for ATP while remaining tightly bound to the microtubule (Fig. 1.10.C, a). Subsequent
ATP binding to the leading head results in a structural change in the neck linker region that forces
the lagging head to search for a next forward binding site (Fig. 1.10.C, b-c). Upon binding, the lagging

head now becomes the leading head as it releases ADP and switches to the apo state (Fig. 1.10.C,
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d), marking the start of the next mechanochemical cycle. The step size of kinesin is roughly 8 nm

while the frequency is roughly 100 steps per second [324].

As mentioned earlier, full length Kif5B is autoinhibited while the binding of appropriate adaptor and
cargo at the tail region may release the autoinhibition. In Chapter 5, we will test whether FEZ1 and
HIV-1 capsid could bind to Kif5B and form an active Kif5B-FEZ1-capsid complex (KFC) complex, as
schematically shown (Fig. 1.10.D).

1.4. Research proposal and research aims

To achieve successful early infection, the HIV-1 capsid interacts with host factors to execute multiple
viral activities including evading innate immune responses, reverse transcription, retrograde
transport, uncoating, nuclear entry, and integration site targeting. As such, the capsid has emerged
as an attractive therapeutic target; however, a more comprehensive understanding of the

interactions between capsid and host cell proteins is required.

In this thesis we aim to expand our understanding of how interactions between the capsid and host
cell factors regulate viral activities, specifically focusing on the cytoplasmic transport process. It has
been shown that HIV-1 viral core exploits the microtubule network and motor complexes to
promote its transport to the nucleus. Recent evidence has also suggested that HIV-1 capsid is linked
to dynein and kinesin motors via the adaptor proteins BICD2 [52, 74] and FEZ1 [53, 73, 186]. These
initial observations have led to a model that HIV-1 capsid could recruit dynein and kinesin motors
to form motor-adaptor-cargo complexes (dynein-dynactin-BICD2-capsid (DDBC) and kinesin-FEZ1-
capsid (KFC)) for active transport along microtubules. In this thesis we will present our work to
reconstitute these complexes and show that they are capable of walking along the microtubule

lattice, providing more direct evidence to support these models.

Research Aims

The overall aim of this thesis is to contribute to our understandings of how the interactions between
HIV-1 capsid and host factors modulate viral activities, specifically focusing on the cytoplasmic
transport process. Chapter 3 will describe the initial work of my PhD where we expanded our
understanding of the capsid-host interaction. This chapter will first present our published study [121]
which focuses on the CypA-capsid interaction to investigate a previously proposed secondary

binding motif on the host protein CypA [109]. More importantly, this chapter describes an optimized
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method for in vitro assembly of HIV-1 capsid, which allows the generation of capsid assemblies that

are well-suited for single molecule assays.

Chapter 4 and Chapter 5 will describe our investigation of the cytoplasmic transport process of HIV-
1 capsid using in vitro approaches as schematically shown (Fig. 1.11). The focus of Chapter 4 is to
reconstitute dynein-dependent transport of HIV-1 capsid. We will first examine the interaction
between HIV-1 capsid and the adaptor protein BICD2 and provide a quantitative characterization
and initial dissection of the binding. We also present initial results that illustrate the reconstitution

of the DDBC complex and visualize its motility along microtubules in vitro.

The aim of Chapter 5 is to reconstitute kinesin-dependent transport of HIV-1 capsid. To do so, we
will first examine the interaction between HIV-1 capsid and the adaptor protein FEZ1, emphasizing
a quantitative characterization of this association and describing the protein motifs that mediate
the binding. Next, we reconstitute the KFC complex and visualize its motility along microtubule in
vitro, along with characterization and statistical analysis of the motile behaviors of the KFC complex.
We will examine the quantifications while altering certain features (e.g., disruption of the R18 ring
on capsid) to better understand the properties of the KFC complex and investigate the requirements
for the kinesin-dependent transport of HIV-1 capsid. We will further examine the role that capsid

plays in the formation of an active KFC complex.

Chapter 6 will discuss main conclusions and future directions.
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Fig. 1.11. Cartoon showing the experimental design for the in vitro reconstitution and visualization

of dynein- and kinesin-dependent transport of HIV-1 capsid.
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Chapter 2

Materials and methods

37



2. Materials and methods

2.1. TIRFM (total internal fluorescence microscopy)

2.1.1. Microscope set up

The binding assays between HIV-1 capsid and capsid binders were imaged using a 2-camera TIRF
microscope while the motility assays were imaged using a 3-camera TIRF microscope. The

photobleaching assays were imaged using both microscopes.

The 2-camera TIRF microscope was equipped with 2 Andor iXon 888 EMCCD cameras (Andor
Technology Ltd), and a Nikon 100x CFI Apochromat TIRF oil immersion objective (1.49 NA) based on
an ASI-RAMM frame (Applied Scientific Instrumentation), and a Nicolase laser system [325]. Images

acquired by this system had a field of view of 88.68 um x 88.68 um (1024 x 1024 pixel).

The 3-camera TIRF microscope was equipped with 3 Prime BSI Scientific CMOS cameras (Teledyne
Photometrics Ltd), and a Nikon 100x CFl Apochromat TIRF oil immersion objective (1.49 NA) based
on an ASI-RAMM frame (Applied Scientific Instrumentation), and a Nicolase laser system [325].

Images acquired by this system had a field of view of 177.48 um x 177.48 um (2048 x 2048 pixel).

2.1.2. Microfluidic device set up

The microfluidic device used in this thesis contains a poly-dimethylsiloxane (PDMS) top and a
coverslip base. The PDMS blocks and the coverslips were prepared separately and annealed

together to form 5 flow channels (10 x 0.8 x 0.06 mm, L x W x H).

The PDMS blocks were prepared using the Sylgard 184 silicone elastomer kit (Dow Corning)
following the standard protocol for soft lithography, with the silicon base and the curing agent mixed
at a 10:1 ratio (w/w). The mold generates 5 flow channels one 1 side of the PDMS block. Upon the
separation of the PDMS blocks from the mold, inlet and outlet were created at each end of a flow
channel using 0.75mm and 1mm Harris Uni-Core punchers. The PDMS blocks were then cleaned by
3 steps of sonication (ultrapure water-100% isopropyl alcohol-ultrapure water, 10min for each step),

dried, and then stored in a double container.
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Round coverslips (Australian Scientific, 0117650, 25mm diameter) were cleaned by 3 steps of
sonication (100% ethanol, 1M NaOH, ultrapure water, 10min for each step), dried, and stored in a

vacuum desiccator.

The cleaned PDMS blocks and coverslips were glow-discharged for 3 min (Harrick Plasma, PDC-32G)
prior to annealing, with the channel side of PDMS block adhered to the coverslip. The annealed

microfluidic devices were further baked at 70°C for > 1h to enhance annealing.

2.1.3. Surface chemistry in the microfluidic flow channels

To allow specific immobilization of either HIV-1 capsid (see 2.2.5) or microtubules (see 2.3.4), the
coverslip surfaces inside the microfluidic channels were functionalized with a monolayer of PLL-g-
PEG-biotin followed by a layer of streptavidin. Biotinylated anti-tubulin antibodies were captured
by the streptavidin layer for immobilizing the microtubules (see 2.3.4). A double-antibody-mixture
containing anti-CA antibody was captured by the streptavidin layer for immobilizing HIV-1 capsid

(see 2.2.5).

The annealed microfluidic device was plasma cleaned for 3 min to glow discharge the coverslip
surfaces within the microfluidic channels. Then 0.1 mg/ml of PLL(20)-g[3.5]-PEG(3.4)-biotin(20%)
(SuSoS AG, dissolved in PBS) was loaded into each channel by pipetting and incubated for 30min.
The channels were rinsed with ultrapure water and air dried before incubation with 0.2 mg/ml
streptavidin (SNN1001, Life Technologies Australia; in buffer 20 mM Tris pH7.5, 2 mM EDTA, 50 mM
NaCl, 0.025% Tween 20, 0.2 mg/ml BSA) for 20 min. The device was then mounted in a chamlide
chamber (Live Cell Instrument). At this point, inlets and outlets tubing were connected to the
microfluidic device so that a sample pump can be incorporated to precisely control volume and flow
speed for the binding assay between HIV-1 capsid and capsid binders (see 2.2.6). For the motility
assay, the microtubule immobilization was not compatible with the inlet-outlet setting so the

microfluidic device was not connected to tubing (see 2.1.5 and 2.3.4).

2.1.4. TIRFm binding assay

Upon immobilization of fluorescent HIV-1 capsid onto surfaces (see 2.2.4 and 2.2.5), 30 pl of
fluorescent binder was introduced into the flow channel at different concentrations within the

ranges indicated in table 2.1. as below. The binding assays were performed in either buffer 1 (50
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mM Tris, pH8; 150 mM NaCl) or buffer 2 (30 mM HEPES, pH7; 20 mM KCI, 1 mM MgCl,, 1 mM EDTA,
0.5% pluronic-127, 0.2 mg/ml BSA). 10 frames of capsid channel and binder channel were acquired

using Andor iXon 888 EMCCD cameras during sequential excitation with a 491 nm laser and a 639

nm laser.
Binder Capsid mutant Buffer Concentration (s)
CypA- A14C/EA5C:K158C-AF488
Buffer 1 1-50 uM
AF647 A92E/A204C:K158C-AF488
ATP- A92E/A204C:K158C-AF647 5-500 nM
Buffer 1
atto488 R18G/A92E/A204C:R18G/K158C-AF647 200 nM
dATP- A92E/A204C:K158C-AF647 400 nM
Buffer 1
atto488 R18G/A92E/A204C:R18G/K158C-AF647 400 nM
HCB- A92E/A204C:K158C-AF647 0.1-500 nM
Buffer 1
bodipy493 R18G/A92E/A204C:R18G/K158C-AF647 100 nM, 500 nM
sfGFP- A92E/A204C:K158C-AF647
Buffer 2 1-400 nM
hFEZ1 R18G/A92E/A204C:R18G/K158C-AF647
SfGEP- A92E/A204C:K158C-AF647
Buffer 2 1-400 nM
mBICD2 | p18G/A92E/A204C:R18G/K158C-AF647

Table 2.1. Summary of HIV-1 capsid binders examined in the TIRFm binding assays. Note: For CypA,
any sample of [CypA] > 1 uM was prepared with 1 UM CypA-AF647 and unlabeled CypA (added to

make the desired final concentration).

2.1.5. TIRFm motility assay

Upon immobilization of fluorescent microtubules onto surfaces (see 2.3.3 and 2.3.4), 10 pl of
solution containing motor complex in a motility buffer (30 mM HEPES, pH7; 20 mM KCl, 1 mM MgCl,,
1 mM EDTA, 0.5% pluronic F-127, 0.2 mg/ml BSA, 10 uM Taxol, 1 mM Mg-ATP supplemented with a
PCA-PCD-Trolox oxygen scavenging system) was introduced into the flow cell by manual pipetting.
The mixture containing reconstituted KFC complex (see 2.6.4) was diluted (1:1000 fold to 1:100 fold,

see Table 5.1) in the motility buffer prior to imaging. The mixture containing reconstituted KFC
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complex (see 2.6.5) was diluted (1:2000 fold to 1:500 fold, see Table 5.3) in the motility buffer prior
to imaging. The mixture containing reconstituted DDBC (see 2.6.3) or DDB (see 2.6.2) complex was
used for imaging directly without dilution, while the mixture containing the DDb complex was
diluted1:100 fold to 1:10 fold (see 4.3). The motility assay was performed at either 25°C or 30°C.
The motor complexes imaged in this thesis are listed in Table 2.2. One reference frame of the
microtubule channel was acquired with a 561 nm laser using Andor iXon 888 EMCCD. 120 frames
(either 1 sec/frame or 0.5 sec/frame) of capsid channel and FEZ1/BICD2 channel were acquired
using Andor iXon 888 EMCCD cameras during sequential excitation with appropriate lasers

(combinations of a 491 nm laser and a 639 nm laser based on the components used).

Motor
Components
complexes
Dark-Kif5B + sfGFP-hFEZ1 + AF647 labelled HIV-1 capsid
Dark-Kif5B + dark-hFEZ1 + AF647 labelled HIV-1 capsid
Dark-Kif5B + dark-hFEZ1 + AF488 labelled HIV-1 capsid
KFC
AF647 labelled Kif5B + dark-hFEZ1 + AF488 labelled HIV-1 capsid
combinations
KFC (5.3) Dark-Kif5B + sfGFP-hFEZ1 + AF647 labelled HIV-1 capsid (R18G)
Dark-Kif5B + dark-hFEZ1 + AF647 labelled HIV-1 capsid (R18G)
Dark-Kif5B + dark-hFEZ1 + AF488 labelled HIV-1 capsid (R18G)
KFC negative
KFC without K, or F, or C
controls
KF (5.4) Kif5B + sfGFP-hFEZ1
DDBC (4.3) Dynein-dynactin + sfGFP-mBICD2 + AF647 labelled HIV-1 capsid
DDB Dynein-dynactin + sfGFP-mBICD2
DDb (4.2) DDb: dynein-dynactin + sfGFP-mBICD2N (25-400)

Table 2.2. Summary of motor complexes examied in the TIRFm motility assays.

2.1.6. Single molecule photobleaching

Single molecule photobleaching experiments were performed to calculate the single molecule
intensity of the fluorescent protein used in these experiments. A clean coverslip was glow-

discharged for 3 min (see 2.1.2), mounted into a camlide chamber, and then incubated with a
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solution of the fluorescent protein (~5nM CA, ~10pM FEZ1, ~20pM BICD2 for optimal density) for 3
min in the buffer used in the corresponding assay. Unbound molecules were removed by washing
the chamber 3 times with buffer. Molecules bound onto coverslip were photobleached for 200
frames until most molecules are photobleached. 4 FOVs of images were acquired with the
corresponding laser (same laser power, 5-10x exposure time compared to conditions used in the

corresponding binding assay or motility assay).

2.1.7. Image analysis

Images from the single molecule photobleaching and the binding assay were analyzed using a
Matlab-based software JIM (https://github.com/lilbutsa/JIM-Immobilized-Microscopy-Suite,
developed by James Walsh). Images from the motility assay were analyzed using both TrackMate,

an Imagel Fiji plugin [326], and a custom MATLAB script.

Single molecule photobleaching analysis:

For the single molecule photobleaching analysis, the images were first analyzed using the JIM script
(Generate-Single_Channel_Traces) to generate fluorescent traces. The images were drift-corrected
and fluorescent molecules were selected based on appropriate filtering parameters to avoid
background speckles and large aggregates. The fluorescent traces were then analyzed using the JIM
script (Single_Molecule_Photobleaching_Generic) to classify traces based on the steps taken before
the selected particle was completely photobleached. Single-step traces were fitted with a Gaussian

distribution to estimate the single molecule intensity of the fluorescent molecule.

Binding assay analysis:

For the binding assay analysis, the images were analyzed using the JIM script (Generate-
Multi_Channel_Traces). The capsid channel and the binder channel were aligned based on either
automatic alignment or manual alignment with user-added parameters. The capsid channel was
detected to select and localize desired capsid particles based on appropriate parameters to avoid
background speckles of background and aggregates. The fluorescent intensities of a selected capsid
and its binders were measured in the capsid channel and the binder channel. The fluorescent traces
were then analyzed using the JIM script (Arbitrary_Shape_Kd_Measurement). The fluorescent

intensities of a capsid and its binders were translated into the number of CA monomers and binders
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based on their single molecule intensities obtained from single molecule photobleaching, thus
generating a molar ratio of binder/CA. For each concentration of the binder, the median binder/CA-
ratio of all selected capsid particles were determined at equilibrium. The median ratios from all
concentrations of the binder were then fit against the concentrations of the binder based on a ‘One-
site-specific-binding’ model: Kp = (Bmax X [binder])/Beq— [binder], where [binder] is the concentration
of binder, Beqis the binder/CA ratio for a given binder concentration, Kpis the dissociation constant,

and Bmay is the binder/CA ratio at saturation.

Motility assay analysis:

For the motility assay of DDBC, DDb(pu) DDb(po), and DDb(rec), representative kymographs were
generated using Fiji software. No statistical analyses were performed on these data because we

have not observed enough processive DDBC particles.

For the motility assay of KFC and KF complexes, the images were analyzed using the Fiji plugin
TrackMate [326] in conjunction with a custom MATLAB script. Spots were detected in the capsid
channel (estimated blob diameter set as 0.8 um, threshold set as 0.6-0.8) for the KFC motility assay
and in the FEZ1 channel (estimated blob diameter set as 0.6 um, threshold set as 1-1.5) for KF
motility assay. Spots near to edges were excluded based on x/y position. After spot detection, tracks
were generated based on defined parameters (Linking max distance set as 0.8 um; Gap-closing max
distance set as 0.4 um; Gap-closing max frame gap set as 2), and filtered using defined parameters
(only tracks longer than 0.4 um in length and longer than 3 steps (3 seconds) were selected). The
set of generated tracks were manually screened and false tracks were excluded. Three csv files
(“Track statistics”, “Spots in tracks statistics”, and “Links in tracks statistics”) were exported from
the Trackmate analysis. The “Track statistics” file contains basic analysis of track behavior, including
average speed and run length of all the tracks, but this readout was not sufficient to accurately
describe our data. We therefore further analyzed the “Spots in tracks statistics” file, which contains
the X-Y coordinates of every spot in the tracks, using a custom MATLAB script. This approach allows
us to exclude the ‘pause’ time when calculating average speed of a track (see Chapter 5 and Fig. 8.4).
In short, the workflow went as follows: 1) calculate the displacement of each step along microtubule;
2) define a step as “pause” if its speed was below a certain threshold (30 nm/s); 3) classify steps into
pause or walking categories; 4) calculate average speed by dividing the total run length by the

duration of walking phases. Wherever applicable, the numbers of CA-per-particle and FEZ1-per-
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particle were quantified based on the background-subtracted fluorescent intensities of the particles
and the single molecule intensities of FEZ1 or CA obtained from single molecule photobleaching.
From this analysis, the average speeds and run lengths of all the processive particles within the
analyzed image stack were calculated. The number of the processive particles was divided by the
total length of microtubules within the image (determined using the JIM script Generate-
Multi_Channel_Traces), the total time, and the concentration of Kif5B to estimate landing rate of

the complex for the analyzed image.

2.2. HIV-1 capsid

2.2.1. Plasmid constructs

Plasmids encoding HIV-1 CA mutants used in this thesis are outlined in Table 2.3.

Plasmid Source Comment
Cloned by Vaibhav For making crosslinking-stabilized,
pET21a-CA-A92E/A204C
Shah soluble, and conical HIV-1 capsid
Cloned by Andrew For making R18-ring-null HIV-1
pET21a-CA-R18G/A92E/A204C
Tuckwell capsid on top of A92E/A204C

For making crosslinking-stabilized,
pET11a-CA-A204C Zhao et al. [95]
conical HIV-1 capsid

Cysteine introduced at residue K158
Cloned by Vaibhav

pET11a-CA-K158C for biotinylating or fluorescent
Shah
labelling
Cloned by Andrew For making the R18-ring-null version
pET11a-CA-R18G/K158C
Tuckwell of K158C
For making crosslinking-stabilized,
pET11a-CA-A14C/E45C Pornilos et al. [113]
tubular HIV-1 capsid
pET11a-CA- For making crosslinking-stabilized,
Pornilos et al. [82]
N21C/A22C/W184A/M185A HIV-1 pentamer subunit
pET11a-CA- For making crosslinking-stabilized,
Pornilos et al. [113]
A14C/EA5C/W184A/M185A HIV-1 hexamer subunit

Table 2.3. HIV-1 CA protein constructs.
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2.2.2. CA protein expression and purification

Plasmid constructs containing the HIV-1 CA mutants listed in Table 2.1 were transformed into E. coli
strain Rosetta(DE3)pLysS and cultured in Luria-Bertani media containing either 100 pg/ml Ampicillin
and 32 pg/ml Chloramphenicol (for constructs in pET11a vector), or 50 pg/ml Kanamycin and 32
ug/ml Chloramphenicol (for constructs in pET21a vector) at 37°C with shaking at 180rpm. When the
culture reached an ODegoonm Of approximately 0.6, protein expression was induced by addition of
1mM IPTG (Isopropyl B-d-1-thiogalactopyranoside; GoldBio, 12481C50) to the bacteria culture. Cells

were then incubated at 18°C overnight with shaking at 180rpm prior harvesting by centrifugation.

For CA proteins A92E/A204C, R18G/A92E/A204C, A204C, K158C, R18G/K158C, and A14C/E45C, we

used two protocols for the purification:

Method 1: Bacteria pellets were resuspended in buffer (50 mM Tris, pH8; 50 mM NacCl, 1X EDTA-
free protease inhibitor; 40 mM B-mercaptoethanol) and then lysed by sonication. The cell lysate
was centrifuged at 43,000 g for 1h at 4 °C and the supernatant was clarified by filtering through a
0.22um filter. The clarified supernatant was precipitated with ammonium sulfate (20% w/v, g/ml)
for 30 min at 4 °C prior centrifugation at 42,000 g, 4 °C for 20 min. The pellet was resuspended in
buffer (100 mM citric acid, pH 4.5; 40 mM B-mercaptoethanol) and dialyzed 4 times against the
same buffer to remove ammonium sulfate. The mixture was clarified by centrifugation at 42,000 g
for 20 min at 4°C and the supernatant was further dialyzed twice into 50 mM Tris, pH8, 2mM DTT.
The resulting solution was filtered through a 0.22 um filter and then applied onto Hitrap Capto Q
Impres column pre-equilibrated with 50 mM Tris, pH8, 40 mM NaCl. Bound CA was eluted with 0-1
M NaCl gradient in 50 mM Tris, pH8. Appropriate fractions in the elution were identified by reducing
SDS page to examine protein purity and then concentrated to > 10mg/ml (OD2g measured by
DeNovix) using centrifugal concentrator (Amicon Ultra-15, 10 MWCO, Merck-UFC901008). The
concentrated protein was centrifuged (18,000 g, 5min, 4°C) to remove aggregates prior to flash-

freezing in liquid N> and storage at -80°C.

Method 2: Bacteria pellets containing CA protein were resuspended in lysis buffer (50 mM Tris, pHS;
200 mM B-mercaptoethanol; 1X-EDTA-free protease inhibitor) and lysed by sonication for 6 mins on
ice (cycles of 15s on/off). Cell lysate was clarified by centrifugation at 43,000 g for 1h at 4°C and the

supernatant was passed through a 0.22um filter. CA protein was isolated from this supernatant by
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two rounds of precipitation and re-solubilization. For each round, CA protein in solution was
assembled into capsid in resuspension buffer (50 mM Tris, pH8; 200 mM B-mercaptoethanol)
containing 2.5M NaCl (incubated on ice for 15 min) and pelleted at 4,000 g at 4°C for 45 min. Pelleted
capsid was resuspended and disassembled into CA protein in resuspension buffer for the 1° round
(incubated on ice for 15 min). For the 2" round, pelleted capsid was resuspended and disassembled
into CA protein in buffer A (50 mM Tris, pH8; 50 mM NaCl, 2mM DTT), filtered through a 0.22um
filter and further purified by subtractive anion exchange chromatography using a Hitrap Capto Q
Impres column (5ml, GE Healthcare, 17-5470-55) mounted on AKTA pure protein purification system
(GE Healthcare). sample was loaded onto the Q column pre-equilibrated with buffer A and CA
protein was collected in the flowthrough. Appropriate fractions in the flowthrough were identified
by reducing SDS page to examine protein purity and concentrated to = 10mg/ml. The concentrated
protein was centrifuged (18,000 g, 5min, 4°C) to remove aggregates prior to flash-freezing in liquid
N, and storage at -80°C. HIV-1 CA protein R18G/A92E/A204C and R18G/K158C was purified by

Andrew Tuckwell.

For CA protein N21C/A22C/W184A/M185A or A14C/E4A5C/W184A/M185A. Bacteria pellets
containing CA protein were resuspended in buffer (50 mM Tris, pH8; 50 mM NaCl, 1X EDTA-free
protease inhibitor; 20 mM B-mercaptoethanol) and then lysed by sonication. The crude lysate was
centrifuged at 43,000 g for 1h at 4 °C and the supernatant was clarified by filtering through a 0.22pum
filter, followed by ammonium sulfate precipitation (20% w/v, g/ml) for 30 min at 4 °C prior to
centrifugation at 42,000 g, 4 °C for 20 min. The pellet was resuspended in buffer (100 mM citric acid,
pH 4.5; 20 mM B-mercaptoethanol) and dialyzed 4 times against the same buffer to remove
ammonium sulfate. The mixture was clarified by centrifugation at 42,000 g for 20 min at 4°C and the
supernatant containing CA protein was collected. The supernatant was dialyzed against 3 buffers
sequentially (twice for each buffer). Buffer 1: 50 mM Tris, pH 8.0, 1M NaCl, 20 mM -
mercaptoethanol. Buffer 2: 50 mM Tris, pH 8.0, 1M NaCl. Buffer 3: 50 mM Tris, pH 8.0. The dialyzed
mixture was clarified by centrifugation at 42,000 g for 20 min at 4°C. The supernatant containing
soluble HIV-1 pentamer (for mutant N21C/A22C/W184A/M185A) or soluble hexamer (for mutant
A14C/E45C/W184A/M185A) was further purified by anion exchange chromatography (AIEX) and
size-exclusion chromatography (SEC). For AIEX, the supernatant was applied onto a Hitrap Capto Q
Impres column pre-equilibrated with 50 mM Tris, pH8, 40 mM NaCl. Bound pentamer/hexamer was

eluted with a 0-1 M NaCl gradient in 50 mM Tris, pH8 (soluble HIV-1 CA pentamer or hexamer eluted
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around 200-300 mM NaCl). The protein collected from AIEX was further purified by SEC in buffer 20
mM Tris, pH 8, 40 mM NaCl using HiLoad 16/600 Superdex 200 pg (GE Healthcare, 28989335). Peak
fractions were pooled together and concentrated to around 40mg/ml (OD2s0 measured by DeNovix).
The concentrated protein was centrifuged (18,000 g, 5min, 4°C) to remove aggregate prior to flash-
freezing in liquid N2and storage at -80°C. Throughout the purification process, appropriate fractions
were identified by non-reducing SDS page to examine protein purity and the formation of

crosslinking-stabilized HIV-1 CA pentamer/hexamer.
2.2.3. Fluorescent labelling of HIV-1 CA protein

Both CA K158C and R18G/K158C were labelled with Alexa Fluor 488-C5-maleimide or Alexa Fluor
647-C2-maleimide dyes (Thermo Fisher) at the engineered cysteine after assembly into tubular
capsid to avoid modifying native cysteine residues. CA K158C or R18G/K158C (>5mg/ml) was
assembled into tubular capsid on ice for 15min by addition of NaCl powder to a final concentration
of 2.5M. Assembled capsid was pelleted (18,000 g, 5min, 4°C) and resuspended in labelling buffer
(50 mM Tris, pH8; 2.5M NaCl; 0.1mM TCEP). The pelleting/resuspension process was repeated twice.
Two-fold molar excess of Alexa Fluor 488-C5-maleimide or Alexa Fluor 647-C2-maleimide was added
to the resuspended tubular capsid and reacted for 1 min before quenching the unreacted dye by
adding B-mercaptoethanol (final 25mM). The labelled CA tubes were washed 4 times via the
pelleting/resuspension process to remove free dye. Finally, the labelled tubes were pelleted (18,000
g, 5min, 4°C) and resuspended in storage buffer (50 mM Tris, pH8; 0.1mM TCEP). The resuspension
was incubated o/n at 4°C to induce capsid disassembly into CA protein. The labelled CA protein was
then centrifuged (18,000 g, 5min, 4°C) to remove aggregates prior to flash-freezing aliquots in liquid

N, and storage at -80°C.
2.2.4. In vitro assembly of HIV-1 capsid

2.2.4.1. In vitro assembly of HIV-1 CA to produce cones that are stabilized, remain soluble, and are

labelled with fluorophores

Four assembly mixtures containing 80 uM CA (76 uM A92E/A204C + 4 uM K158C-AF647) in assembly

buffer (50 mM MES, pH6, 30 mM NaCl, 2.5 mM IP6), or 80 uM CA (76 uM A92E/A204C + 4 uM

K158C-AF488) in assembly buffer (50 mM MES, pH6, 30 mM NaCl, 2.5 mM IP6), or 80 uM CA (76 uM

R18G/A92E/A204C + 4 uM R18G/K158C-AF647) in assembly buffer (50 mM MES, pH6, 750 mM NaCl),

or 80 uM CA (76 pM R18G/A92E/A204C + 4 uM R18G/K158C-AF488) in assembly buffer (50 mM
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MES, pH6, 750 mM NaCl) were prepared. For all assembly mixtures, CA A92E/A204C or
R18G/A92E/A204C were used to make crosslinking stabilized and soluble capsid, while K158C or
R18G/K158C were included to incorporate fluorescence into the assembled capsid. All assembly
mixtures were incubated at 4°C o/n before pelleting the assembled capsid by centrifugation at 4°C,
18,000 g for 10 min. The resulting pellet was gently resuspended in a resuspension buffer (50 mM
HEPES, pH7; 150 mM NaCl) and then centrifuged again at 4°C, 5,000 g for 5 min to remove large
aggregates. The resulting supernatant containing the self-assembled, -stabilized, fluorescent, and
soluble capsid particles was aliquoted, flash-frozen in liquid N, and stored at -80°C. Negative staining
electron micrographs showed that the capsid particles assembled following this protocol were
mostly conical (>90%) but also contained some spheres and short tubes(see Fig. 3.1.d-e) and were
used throughout in this thesis for both capsid binding assay and motility assay except for section

3.2.
2.2.4.2. In vitro assembly of CA tubes on coverslip

See the material & methods section of 3.2 (taken from ‘Functional analysis of the secondary HIV-1

capsid binding site in the host protein cyclophilin A’) for CA tubes assembly and immobilization.

2.2.5. Immobilization of self-assembled HIV-1 capsids on a modified coverslip

Upon the connection of inlets and outlets (at this stage the coverslip surface inside the microfluidics
channels were immobilized with PLL-g-PEG-biotin-streptavidin already, see 2.1.3), the microfluidic
device mounted in a chamlide chamber was connected to a sample pump and 30 pl of buffer (either
buffer 1 or buffer 2 based on experiment, see 2.1.4.) was used to rinse the flow channel. 15 pl of
solution containing 1:3000 dilution of biotinylated a-mouse F(AB’), (Jackson ImmunoResearch, 115-
066-071) and a-CA Ab (Advanced Biotechnologies, 13-102-100) was drawn into the flow channel
and incubated for 15 min. Unbound antibody was washed away with 30 ul of buffer and 15 ul of
solution containing 1:500 dilution of capsid (see 2.2.4.1.) was pulled into the flow channel and
incubated for 10 min. Unbound capsid was washed away with 30 ul of buffer and the flow channel

was ready for the binding assay.
2.3. Microtubule

2.3.1. Tubulin purification
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Tubulin was isolated from mouse brains following either a TOG-affinity protocol [327] or a high-

molarity buffer protocol [328].
2.3.1.1. The TOG-affinity protocol

In short, GST-TOG1/2 (TOG1/2 domains of STU2 protein of Saccharomyces cerevisiae) protein was
conjugated to GSH resin (GOLDBIO, G-250-5) to serve as an affinity bait for isolating tubulin from

mouse brain lysate [327].

GST-TOG1/2 in pGEX-6p-1 vector was transformed and expressed in Rosetta(DE3)pLysS following
standard E. coli expression protocol (similar to HIV-1 CA expression in 2.2.2). The bacterial pellet
from a 2L culture was resuspended in GST lysis buffer (50 mM Tris, pH8; 150 mM NaCl; 0.1 mM EDTA;
1 mM DTT; 1x protease inhibitor) and then lysed by sonication. The crude cell lysate was centrifuged
at 43,000 g for 1h at 4 °C and the supernatant was clarified by filtering through a 0.22um filter. The
clarified lysate was mixed with 2.5 mL of GSH resin equilibrated with GST wash buffer (50 mM Tris,
pHS8; 150 mM NaCl; 0.1 mM EDTA; 1 mM DTT) and rotated at 4°C for 1 h. The mixture was packed
into an Econo-Pac column (Biorad, 7321010) and further washed with 5 CV of GST wash buffer, thus

forming a TOG column.

The TOG column was equilibrated with 5 CV of BRB80. Meanwhile, mouse brains were lysed using
mortar and pestle in brain lysis buffer (1X BRB80, 1ImM DTT, 1 mM EGTA, 1 mM PMSF, 0.1% NP-40),
clarified by centrifugation (4°C, 100,000 g, 30 min) and filtered through a 0.22 um filter. The clarified
brain lysate was mixed into the TOG column and rotated at 4°C for 1 h. The tubulin-bound-TOG
column was washed with 10 CV of tubulin wash buffer 1 (1X BRB80, 10 uM GTP), 3 CV of tubulin
wash buffer 2 (1X BRB80, 100 uM GTP, 10 mM MgCl,, 5 mM ATP), and 5 CV of tubulin wash buffer
1 prior tubulin elution with 5 CV of tubulin elution buffer (1X BRB80, 500 mM ammonium sulfate).
Peak fractions were pooled, concentrated to a volume of 2.5 ml, desalted into tubulin wash buffer
1 using PD10 column (GE Healthcare, GE17-0851-01), and concentrated again to approximately 20
uM (1.1 mg/ml, quantified by OD280). 5% glycerol was added prior flash-freezing in liquid N, and
storage at -80°C.

2.3.1.2. The high-molarity buffer protocol

Mouse brains were lysed using a dounce homogenizer in depolymerization buffer (50 mM MES,

pH6.6; 1 mM CaCl,) at a ratio of 1 g/ml before clarification by centrifugation (4°C, 29,000 g, 60 min)
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and filtration through a 0.22 um filter. The 1**-round of polymerization-depolymerization was
performed as follows. Supernatant was mixed a high-molarity PIPES buffer (1M pipes, pH6.9; 10 mM
MgCl;, 20 mM EGTA) and glycerol at a volume ratio of 1:1:1, supplemented with 1 mM ATP and 0.37
mM GTP, and then incubated in a 37 °C water bath for 1 h to polymerize tubulin. Polymerized
tubulin was harvested (37°C, 151,000 g, 30 min) and resuspended in 1/10 volume of the lysate
supernatant in cold depolymerization buffer to promote microtubule depolymerization. The
polymerization-depolymerization cycle was repeated for a 2"%-round, and the final volume of
purified tubulin was concentrated to 100 uM (11 mg/ml, quantified by OD280), flash-frozen in liquid
N, and stored at -80°C.

2.3.2. Fluorescent labelling of tubulin

Tubulin was labelled with Alexa Fluor 568 or 647 NHS Ester (Thermo Fisher A20003 or A37573),
following an established protocol [329]. Tubulin (minimum 10 mg) was polymerized in buffer (0.5X
BRB80, 3.5 mM MgCL;, 1ImM GTP, 33% glycerol) for 1 h at 37°C before centrifugation (100,000 g,
37°C, 10min) through a high pH cushion (0.1 M HEPES, pH 8.6, 1 mM MgCL,, 1ImM EGTA, 60%
glycerol; warmed to 37°C) to harvest the polymerized microtubule. Discard the supernatant above
the cushion, rinse the cushion interface twice with labelling buffer (0.1 M HEPES, pH 8.6, 1 mM
MgCL,, 1mM EGTA, 40% glycerol; warmed to 37°C), and discard the cushion. The pellet containing
microtubules was resuspended gently in labelling buffer,2 x molar excess of dye was added to the
resuspension, mixed well, and labelled for 10 min at 37°C. The reaction was quenched with the
addition of 1M glycine before centrifugation (100,000 g, 37°C, 10min) through a low pH cushion (1X
BRB80, 60% glycerol) to harvest the labelled microtubules. The supernatant above the cushion was
aspirated off, the cushion interface was rinsed twice with ice-cold BRB80, and the cushion was
discarded. The pellet containing labelled microtubules was resuspended gently in ice-cold 1X BRB80
to depolymerize the microtubules. The labelled tubulin dimer was cycled through another round of
polymerization-depolymerization to remove assembly-deficient tubulin dimer. A final tubulin
concentration of 5-15 mg/ml was generated by adjusting the volume of buffer used for solubilization
in the last step. The final labelled tubulin dimer was centrifuged (18,000 g, 5min, 4°C) to remove
aggregates prior to flash-freezing in liquid N; and storage at -80°C. Tubulin concentration and

labelling ratio was determined by UV-VIS.

2.3.3. Polymerization of microtubules
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Labelled and dark tubulin were mixed (~1/200 labelled tubulin) to a final concentration of 20 uM
tubulin in buffer (1X BRB80, 1 mM GTP). 5ul aliquots were prepared, and flash-frozen in liquid N,

and stored at -80°C as our stock tubulin assembly mix.

One aliquot of tubulin mix was incubated at 37°C for 30 min to promote the polymerization of
fluorescent microtubules. 95 pl of microtubule storage buffer (1X BRB80, 10uM Taxol) was added
followed by an additional incubation at 37°C for 30 min before centrifugation (100,000 g, 37°C,
10min) through a cushion (1X BRB80, 10uM Taxol, 40% glycerol) to harvest the stabilized,
fluorescent microtubules. The resulting pellet was gently resuspended in 100 pl of microtubule

storage buffer. The taxol stabilized microtubules were used within 2 days after being prepared.
2.3.4. Immobilization of microtubules on modified coverslip

The flow channels of the microfluidics device (immobilized with PLL-g-PEG-biotin-streptavidin, see
2.1.3) were incubated with 10 pl of biotinylated anti-a-tubulin (Thermo Fisher #A21371) at a dilution
of 1:100 in 1X BRB8O for 30 min by pipetting. Then the flow channels were further rinsed with 20 pl
of blocking buffer (1X BRB80, 0.5% Pluronic F-127, 0.6 mg/ml casein) for = 1h until being used. Pipet
10 pl of a solution containing microtubules (1:10 dilution of the sample from 2.3.3) and incubate for

10 min. Unbound microtubules were washed away by 10 ul of the microtubule storage buffer.
2.4. Other recombinant proteins
2.4.1. Cyclophilin A

See the material & methods section of 3.2 (taken from ‘Functional analysis of the secondary HIV-1

capsid binding site in the host protein cyclophilin A’).

2.4.2. hFEZ1 (human Fasciculation and elongation protein zeta-1) protein

2.4.2.1. Plasmid constructs

Plasmid constructs bearing sfGFP-hFEZ1 and hFEZ1 were cloned by Jeff Stear. The cDNA encoding
hFEZ1 was obtained from DNASU (HsCD00042980). The arrangement of the sequences, together

with the restriction sites used for cloning, are indicated in Fig. 2.1.

For sfGFP-hFEZ1 cloning, cDNA of hFEZ1 was amplified with primers (Forward: 5’-
CATGGATGAGCTCTACAAAGGATCCATGGAGGCCCCACTGGTG-3'; Reverse: 5’-
TGGTGGTGGTGCTCGAGTGCCTAGGTAGGGCAGAGCACTTTTAAAATG-3’) and inserted into a sfGFP-
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mFEZ1 construct (gifted by Richard James Mckenney) by digestion-ligation between restriction sites

BamHI/Notl (therefore replacing the mFEZ1 with hFEZ1 while the precision site was gone too).

For dark hFEZ1 cloning, c¢cDNA of hFEZ1 was amplified with primers (Forward: 5’-
GGGGAATTCATGGAGGCCCCACTGGTGAG-3’; Reverse: 5'-

\ His--Thrombin site--Strepl} \ His--Thrombin site--Strepl|
R/
BamHI Notl Point mutation S58A/D/E

+ His--Thrombin site
\ y

\\ /
\, e
\, s
\, /

. L
\,
\, a
H
H
i
i

v
EcoRI Notl Point mutation S58A/D/E

\His--Th rombin site/

Fig. 2.1. Schematic display of hFEZ1 constructs. Full length hFEZ1 proteins (1-392) and point
mutations: sfGFP-hFEZ1, dark hFEZ1, and both proteins with the point mutations S58A, S58D, or
S58E. Positions of restriction sites used for cloning are indicated with blue arrow. Positions of point

mutagenesis are indicated with red dot.

and inserted into pET28a vector by digestion-ligation between restriction sites Ecorl/Notl. The
arrangements of the recombinant proteins are schematically shown in Fig. 2.1. The point mutation
S58A mimics the unphosphorylated state of S58 while S58D/E mimics the phosphorylated state of
S58. Point mutations were introduced by QuickChange Site-Directed Mutagenesis using the primers

listed in Table 2.4.

Mutation Primer sequence

hFEZ1 S58A Forward: 5'-GAATTTTTCTTCCGAAATAATCAGCTTCAAGGCCATGGAGGAC-3'
Reverse: 5'-CTCATCAAATTCATTTACGAGGTCCTCCATGGCCTTGAAGCT-3'

hFEZ1 S58D Forward: 5'-GAATTTTTCTTCCGAAATAATCAGCTTCAAGGACATGGAGGAC-3'
Reverse: 5'-CTCATCAAATTCATTTACGAGGTCCTCCATGTCCTTGAAGCT-3'

hFEZ1 S58E Forward: 5'-GAATTTTTCTTCCGAAATAATCAGCTTCAAGGAGATGGAGGAC-3'
Reverse: 5'-CTCATCAAATTCATTTACGAGGTCCTCCATCTCCTTGAAGCT-3'

Table 2.4. Primers for FEZ1 point mutagenesis.
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2.4.2.2. hFEZ1 protein expression and purification

Plasmid constructs bearing sfGFP-hFEZ1 or dark hFEZ11 were transformed and expressed in the E.
coli strain Rosetta(DE3)pLysS following standard bacterial expression protocol (similar to HIV-1 CA

expression in 2.2.2.).

Bacteria pellets containing hFEZ1 proteins were resuspended in buffer A (50 mM HEPES, pH7.4; 50
mM NaCl, 2 mM PMSF [Thermo Fisher, 36978], 1 mM EDTA, 10% glycerol) containing 300 mM NaCl
and 1x protease inhibitor cocktail, and then lysed by sonication. The cell lysate was centrifuged at
43,000 g for 1h at 4 °C and the supernatant was clarified by filtering through a 0.22um filter. The
clarified lysate was applied onto a 5 ml StrepTrap column (Cytiva, 28907546) pre-equilibrated with
Strep-wash-buffer (Buffer A + 300 mM NaCl). The column was washed with 5 CV of Strep-wash-
buffer prior eluting the bound protein with 5 CV of Strep-elution-buffer (buffer A + 2.5 mM
dethiobiotin [Sigma-Aldrich, D1411]). Peak fractions from the elution were pooled together and
applied to a Hitrap Capto Q Impres column pre-equilibrated with buffer A prior eluting bound
protein with 0-1 M NaCl gradient in buffer A (20 CV in total). All the FEZ1 constructs seemed prone
to degradation therefore generating several truncations. The full-length FEZ1 (and one of the
truncations) was eluted at ~650-750 mM NaCl while the other truncations were eluted at lower
concentrations of NaCl. Fractions containing the full-length FEZ1 were further purified by SEC in SEC-
buffer (buffer A + 50 mM) using a HiLoad 26/600 Superdex 75 pg (GE HealthCare, GE28-9893-34)
column. Appropriate fractions were pooled together, concentrated, centrifuged (18,000 g, 5min,

4°C) to remove potential aggregates, prior to flash-freezing in liquid N, and storage at -80°C.
2.4.3. mBICD2 (mouse protein bicaudal D homolog 2)
2.4.3.1. Plasmid constructs

The plasmid construct expressing sfGFP-mBICD2 in pFastBac vector, and the plasmid construct
expressing sfGFP-mBICD2N (aa 25-400) in pET28a vector, were gifted by Richard J McKenney (UC

Davis, CA, USA). The arrangements of the sequences are schematically shown in Fig. 2.2.
2.4.3.2. mBICD2 protein expression and purification

The plasmid construct bearing sfGFP-mBICD2 was transformed into DH10Bac competent cells
(Invitrogen,10361012). The transformation mixture was plated onto LB agar plates containing 50

ug/ml kanamycin (Sigma-Aldrich, 60615), 7 ug/ml gentamicin (GoldBio, G-400-1), 15 pg/ml
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Fig. 2.2. Schematic display of mBICD2 constructs. Full length and truncated mBICD2 proteins: sfGFP-

mBICD2 (aa 1-820) and sfGFP-mBICD2N (aa 25-400).

tetracycline (Sigma-Aldrich, 64-75-5), 200 pg/ml X-Gal (Thermo Fisher, R0404), 1 mM IPTG and
incubated at 37 °C for 2 days. The recombinant BACmid containing the desired DNA sequence
formed white colonies while the native BACmid formed blue colonies. The presence of BACmid from
picked white colonies was confirmed by PCR. Positive clones were selected to isolate BACmid DNA
using a standard isopropanol DNA precipitation. A positive clone was inoculated into LB media
containing 50ug/ml kanamycin, 3ug/ml gentamycin and 10ug/ml tetracycline and incubated o/n.
Bacterial cells from 1.5ml of the o/n culture was harvested by centrifugation (5000 g, 1 min) and
resuspended in 300ul of Soll (15mM Tris-HClI pH8.0, 10mM EDTA 100ug/ml RnaseA). The
resuspension was gently mixed with 300ul of Sol2 (0.2N NaOH, 1% SDS), incubated at room
temperature for less than 5 min, topped-up with 300ul of 3M Kac (pH 5.5) while mixing, and then
incubated on ice for 10 min. The mixture was clarified by centrifugation (5000 g, 10 min) and the
supernatant was mixed with 800ul isopropanol (mix by inversion) in a new tube before incubated
on ice for 10 min to precipitate DNA. DNA in the mixture was harvested by centrifugation (5000 g,
15 min) and the resulting pellet was washed with 70% ethanol, dried, and then resuspended in 40ul

of ultrapure water.

To produce baculovirus from the BACmid DNA, Sf9 cells in Insect-XPRESS media (BELN12-730Q,

LONZA) at a density of 0.5 x 10¢ cells/m| were seeded into each well of a 6-well plate (2 ml/well) and
incubated at 27°C for 1 h to allow cell attachment. A mixture containing polyehylenimine (PEIl) and
BACmid (containing 2 pug of BACmid and 8 pg of PEl in 200 ul of optimum media) was vortexed,
incubated for 30 min, and added dropwise into each of the 6-well plate. The cells were incubated at
27°C for 5 to 7 days to allow viral transfection. Successful transfection was determined based on

GFP signal (in the cases of GFP recombinant proteins), SDS-PAGE analysis, or the morphology of the
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Sf9 cell (transfected cells should show signs of lysis and should have a much larger diameter
compared to un-transfected cells). At this point most cells had been lysed and the infectious
baculovirus were released into the culture. The supernatant was collected, spun (4000 g, 5min) to

remove cell debris and dead cells, and then used to infect Baculovirus Infected Cells (BIC) stocks.

To amplify the virus and freeze down BIC stocks, the supernatant was used to inoculate 50 ml of Sf9

cells (density around 1 x 108 cells/ml), which were cultured at 27°C for 2 days. At this point most
cells had produced new baculovirus but had not yet lysed. Cells were harvested by centrifugation
(4000 g, 5min) and resuspended in 4 ml of media containing 10% DMSO (Dimethyl sulfoxide, Thermo
Fisher, D12345) and 10% FBS (Fetal Bovine Serum, Thermo Fisher, A4766801). The resuspension

was distributed into 1 ml aliquots and slowly frozen in polystyrene boxes at -80°C.

For the final step in protein expression, 1 liter of Sf9 cell culture was grown to a density of1.5-2 x

106 cells/ml. The BIC stock was added to the prepared culture and incubated for an additional 3 days
(27°C, 120 rpm). Cells subsequently were harvested by centrifugation (4000 g, 5min), resuspended
in 20 ml of buffer (30 mM HEPES, pH7.4, 300 mM NaCl, 5% glycerol, 20 mM Imidazole, 1mM DTT, 1

X protease inhibitor), pipetted dropwise into liquid N3, then stored at -80°C.

Sf9 cell pellet expressing mBICD2 protein was dissolved and lysed using a dounce homogenizer, then
clarified by centrifugation (43,000 g, 1 h, 4 °C) and filtered through a 0.22 um filter. The clarified
solution was applied onto a 5 ml HisTrap column (Merck, GE17-5255-01) pre-equilibrated with His-
wash-buffer (30 mM HEPES, pH7.4, 300 mM Nacl, 10% glycerol, 20 mM Imidazole, 1mM DTT). The
His column was washed with 5 CV of His-wash-buffer and bound protein was eluted by 5 CV of His
elution buffer (30 mM HEPES, pH7.4, 300 mM NacCl, 10% glycerol, 250 mM Imidazole, 1mM DTT).
Fractions containing the desired protein were pooled and applied onto a 5 ml StrepTrap column pre-
equilibrated with Strep-wash-buffer (30 mM HEPES, pH7.4, 300 mM NacCl, 10% glycerol, 1ImM DTT).
The Strep column was washed with 5 CV of Strep-wash-buffer and bound protein was eluted by 5
CV of Strep-elution-buffer (30 mM HEPES, pH7.4, 300 mM NaCl, 2.5 mM dethiobiotin, 10% glycerol,
1mM DTT). Fractions containing the desired protein were pooled, concentrated to around 4 ml, and
further purified by SEC in SEC-buffer (30 mM HEPES, pH7.4, 150 mM NacCl, 10% glycerol, 1mM DTT)
using a HiLoad 26/600 Superdex 200pg (Cytiva, 28-9893-36) column. Appropriate fractions from SEC
were pooled together, concentrated, centrifuged (18,000 g, 5 min, 4°C) to remove potential

aggregation, and flash frozen in liquid N; before storage at -80°C.
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2.4.3.3. mBICD2N (aa 25-400) protein expression and purification

Plasmids containing the sfGFP-mBICD2N construct were transformed and expressed in E. coli strain
Rosetta(DE3)pLysS following standard bacterial expression protocol (similar to HIV-1 CA expression
in 2.2.2.). The resulting pellets containing sSfGFP-mBICD2N were resuspended in lysis buffer (30 mM
HEPES, pH7.4, 300 mM NaCl, 10% glycerol, 20 mM Imidazole, 1mM DTT, 1X protease inhibitor). The
lysate was clarified by centrifugation (43,000 g, 1h, 4 °C) and filtered through a 0.22um filter. The
clarified lysate was applied onto a 5 ml HisTrap column pre-equilibrated with His-wash-buffer (30
mM HEPES, pH7.4, 300 mM NaCl, 10% glycerol, 20 mM Imidazole, 1mM DTT). The column was
washed with 5 CV of His-wash-buffer prior eluting the bound protein with 5 CV of His-elution-buffer
(30 mM HEPES, pH7.4, 300 mM NaCl, 10% glycerol, 250 mM Imidazole, 1mM DTT). Peak fractions
from His elution were pooled together, concentrated to around 500 pl, and further purified by SEC
in SEC-buffer (30 mM HEPES, pH7.4, 150 mM NaCl, 10% glycerol, 1 mM DTT) using Superdex 200
Increase 10/300 GL (GE HealthCare, GE28-9909-44) column. Appropriate fractions were pooled

together, , prior to flash-freezing in liquid N> and storage at -80°C.
2.4.4. hKif5B (human kinesin-1 heavy chain)
2.4.4.1. Plasmid constructs

The hKif5B-Scarlet-pACEBacl vector provided by Richard J McKenney (UC Davis, CA, USA). The
construct expressing dark hKif5B was cloned by Jeff Stear. cDNA of hKif5B was amplified with
primers (Forward: 5’-GGGGCGGCCGCATGGCGGACCTGGCCGAGTG-3’; Reverse: 5’-
GGGCTCGAGCACTTGTTTGCCTCCTCC-3’) from the plasmid bearing hKif5B-Scarlet and inserted back
to the same plasmid by digestion-ligation between restriction sites Not//Xhol. The arrangements of

the sequences, together with restriction sites used for cloning, are schematically shown in Fig. 2.3.

Strepl
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Fig. 2.3. Schematic display of hKif5B constructs. Both the proteins hKif5B and hKif5B-mScarlet were
used for examining the reconstitution of KFC complexes. Data with hKif5B-mScarlet were not shown

due to poor efficiency of reconstitution.

2.4.4.2. hKif5B proteins expression and purification

hKif5B-Scarlet or dark hKif5B was expressed in Sf9 insect cells following the baculovirus expression
protocol described above. Sf9 cell pellets bearing hKif5B-Scarlet and hKif5B protein were dissolved
and lysed using an Emulsiflex C5 (ATA Scientific), then clarified by centrifugation (43,000 g, 1 h, 4 °C)
and filtered through a 0.22 um filter. The clarified solution was applied onto a 5 ml StrepTrap column
pre-equilibrated with Strep-wash-buffer (30 mM HEPES, pH7.4, 300 mM NaCl, 10% glycerol, 1ImM
DTT). The Strep column was washed with 5 CV of Strep-wash-buffer and bound protein was eluted
by 5 CV of Strep-elution-buffer (30 mM HEPES, pH7.4, 300 mM NacCl, 2.5 mM dethiobiotin, 10%
glycerol, 1mM DTT). Fractions containing the desired protein were pooled, concentrated to around
500 pl, and further purified by SEC in SEC-buffer (30 mM HEPES, pH7.4, 150 mM NaCl, 10% glycerol,
1mM DTT) using a Superdex 200 Increase 10/300 GL column. Appropriate fractions from SEC were
pooled together, concentrated, centrifuged (18,000 g, 5min, 4°C) to remove potential aggregation,

prior to flash-freezing in liquid N; and storage at -80°C.
2.4.4.3. Fluorescent labelling of dark hKif5B and purification

A fluorescent labelling step was introduced into the purification protocol of dark hKif5B (2.4.5.2.)
between the Strep step and the SEC step; otherwise, the protocols were identical. For the labelling
step, the elution fractions from the Strep step were pooled together and mixed with dyes (either an
ATTO 643 NHS-ester dye (AD643, ATTO-TEC) or an Alexa Fluor 647 C2 Maleimide dye (A20347,
Thermo Fisher)) at a molar ratio of 1:1 (Kif5B-dierm: dye), incubated at room temperature in dark

(rotating), prior the SEC purification step.
2.4.5. hMAP7 (human microtubule associated protein 7)
2.4.5.1. Plasmid constructs

The pFastBac vector containing sfGFP-hMAP7 was provided by Richard J McKenney (UC Davis, CA,
USA). Jeff Stear generated an untagged version of MAP7 by PCR amplifying the MAP7 ORF and the

vector backbone (excluding the GFP sequence), using primers that included overlapping ends for
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both products (Forward: 5- GACGACGATAAGTAATCTAGAGCCTGCAGTCTCGAG -3’; Reverse: 5'-
CGCCAGCTCCTAGCTCCGCCATACTGCCTTTTTCGAACTGCGGG -3’). The resulting PCR bands were gel-
purified and  assembled using a  Gibson cloning reaction (Forward: 5’-
CGCAGTTCGAAAAAGGCAGTATGGCGGAGCTAGGAGCTGGCG -3’; Reverse: 5’-
CTCGAGACTGCAGGCTCTAGATTACTTATCGTCGTC-3’). The arrangements of the sequences, together

with restriction sites used for cloning, are schematically shown in Fig. 2.4.

Str’epll FLAG

w{>—|_stFP >~4 hMAP7 >¢*

His TEV site

Str'epll FLAG
-|_t)-[|-[>—< hMAP7 >$*
His TEV site

Fig. 2.4. Schematic display hMAP7 constructs.

2.4.5.2. hMAP7 proteins expression and purification

sfGFP-hMAP7 or hMAP7 expressed in Sf9 insect cells the standard baculovirus expression protocols
described above. Sf9 cell pellet bearing sfGFP-hMAP7 or hMAP7 protein was dissolved and lysed
using Emulsiflex C5 (ATA Scientific), then clarified by centrifugation (43,000 g, 1 h, 4 °C) and filtration
through a 0.22 um filter. The clarified solution was applied onto a 5 ml HisTrap column (Merck,
GE17-5255-01) pre-equilibrated with Strep-wash-buffer (30 mM HEPES, pH7.4, 300 mM NaCl, 10%
glycerol, 1ImM DTT). The His column was washed with 5 CV of His-wash-buffer and bound protein
was eluted by 5 CV of Strep-elution-buffer (30 mM HEPES, pH7.4, 300 mM NacCl, 10% glycerol, 2.5
mM dethiobiotin, 1mM DTT). Fractions containing the desired protein were pooled, concentrated
to around 500 pl, and further purified by SEC in SEC-buffer (30 mM HEPES, pH7.4, 150 mM NacCl, 10%
glycerol, 1ImM DTT) using Superdex 200 Increase 10/300 GL. Appropriate fractions from SEC were

pooled together, concentrated, prior to flash-freezing in liquid N, and storage at -80°C.
2.5. Isolated protein complexes from brain

The protocols for isolating DDb and DD were reported by McKenney et.al in 2014 [262]. The

protocols for preparing DDb(rec), DDB, and DDBC were adapted based on the published methods
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(Fig. 2.5). Mouse brains were lysed using a dounce homogenizer in equal amount (g/ml) of buffer A
(30 mM Hepes, pH 7.4, 50 mM KCI, 1ImM MgCl,, 1ImM EGTA, 1 mM PMSF, 10% glycerol, 2mM DTT),
and then clarified by centrifugation (30,000 g, 30 min, 4°C) followed by another round of
centrifugation (100,000 g, 10 min, 4°C). 250 nM of sfGFP-mBICD2N (from 2.4.5.2.) was added into
the supernatant and incubated (1 h, 4°C, rotating) to allow for the formation of DDb (Dynein-
dynactin_sfGFP-mBICD2N). The mixture was clarified by filtration through a 0.22 um filter and then
applied onto a 1 ml StrepTrap column (GE HealthCare, GE29-0486-53) pre-equilibrated with buffer
A. The column was washed with 5 CV of buffer A prior to elution of DDb (2.5.1) or DD (2.5.2).

2.5.1. DDb (dynein-dynactin-BICD2N)

The bound DDb complex was eluted by 5 CV of buffer A containing 2.5 mM desthiobiotin. Fractions
containing the DDb complex (should be the first 2 CV of elution fractions) were pooled together,
flash frozen and stored at -80°C. To distinguish this DDb pulled out from brain compared to the DDb
reconstituted using isolated DD and BICD2N (2.6.1), we term them as DDb(pu) and DDb(rec)

hereinafter.
2.5.2. DD (dynein-dynactin)

Dynein and dynactin were eluted by 5 CV of buffer A containing 300 mM NaCl. Fractions containing
a mixture of dynein and dynactin (should be the first 2 CV of elution fractions) were pooled together,

flash frozen and stored at -80°C.

Brain lysate GFP-mBICD2N DD [ DD
| % \
GFP-mBICD2N | GFP-FL-mBICD2
\
' HIV-1 capsid
Strep resin
Elution Elution
Buffer + dethiobiotin Buffer + 300 mM NaCl
DD (dynein- i
DDb(pu) dynactin) DDb(rec) i DDBC
1
1

Fig. 2.5. Schematic display of the purification processes for DDb(pu), DD, and reconstitution of

DDb(rec), DDBC complexes.
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2.6. Reconstitution of motor-adaptor-(capsid) complexes

The DDb(rec), DDB, DDBC, KFC, KF motor complexes were reconstituted by incubating the required
components in the motility buffer (30 mM HEPES, pH7; 20 mM KCI, 1 mM MgCI2, 1 mM EDTA, 0.5%
pluronic F-127, 0.2 mg/ml BSA, 10 uM Taxol, 1 mM Mg-ATP) for 3 h at 4°C. The mixture was either
used straight away or diluted to a desired concentration prior imaging as specified. The motility
assay for these complexes were carried out in the motility buffer supplemented with a PCA-PCD-

Trolox oxygen scavenging system at 30°C.
2.6.1. DDb(rec)

DDb(rec) was examined to validate whether the isolated DD is still competent for further forming
active complex. The isolated DD (~10 nM) was mixed with 250 nM sfGFP-mBICD2N in the motility
buffer, incubated for 3 h at 4°C for the formation of DDb(rec), and then diluted 100-fold or 10-fold

prior imaging.
2.6.2. DDB (dynein-dynactin-BICD2)

DDB (Dynein-dynactin-BICD2) was examined as a control for DDBC motility assay (data not shown
in this thesis). The isolated DD (~10 nM) was mixed with 50 nM sfGFP-mBICD2 (bearing full length
BICD2) in the motility buffer, incubated for 3 h at 4°C, and then used for imaging.

2.6.3. DDBC (Dynein-dynactin-BICD2-capsid)

The DDBC complex was reconstituted by incubating a mixture of isolated DD (~10 nM), 50 nM sfGFP-
mBICD2 (bearing full length BICD2) and pre-assembled HIV-1 capsid containing 2 uM CA monomer
(concentration of CA monomer) in the motility buffer for 3 h at 4°C. The mixture was used directly

for imaging.
2.6.4. KFC (Kif5B-FEZ1-capsid)

The KFC complex was reconstituted by incubating a mixture of 250 nM Kif5B, 250 nM FEZ1, and pre-
assembled HIV-1 capsid containing 10 uM CA monomer in the motility buffer for 3 h at 4°C. The
mixture was then diluted prior imaging (see Table 5.1). A range of KFC combinations containing
slightly different components were examined in this thesis (see section 5.3). Samples serving as

negative controls of the KFC motility assay were prepared in the same way as KFC complex
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reconstitution while excluding one or more components during the sample preparation (e.g., KF, KC,

FC).
2.6.5. KF (Kif5B-FEZ1)

The KF complex was reconstituted by incubating a mixture of 250 nM Kif5B and 250 nM sfGFP-FEZ1

in the motility buffer for 3 h at 4°C. The mixture was then diluted before imaging (see Table 5.3).
2.7. Negative staining electron microscopy

The HIV-1 capsid assembled at various assembly conditions were imaged by EM to determine the
morphologies. A carbon and formvar coated Cu grid (TED Pella, 01811) was plasma cleaned (PELCP
EasiGLOW). 5ul of sample containing the assembled HIV-1 capsid (1 in 10 dilution) was applied onto
the gird and incubated for 5 min at room temperature. Excess sample was drained off (by touching
the grid edge onto a piece of filter paper) and the grid was washed 3 times by applying 5 pul of milli
Q H,0 (dried immediately after each wash). The grid was then stained with 2% (w/v) uranyl acetate
(ProSciTech, C079) for 10 sec, dried and stored at room temperature for EM imaging. A Tecnai G20
20 electron microscope (set up at Electron Microscope Unit) was used to acquire images with
objective aperture set to 1 and condenser aperture set to 3. Images for HIV-1 capsid assembly was
acquired at 9900X and 19500X folds of magnification while the motor complexes were acquired at

19500X, 38000X and 97000X.
2.8. SPR (surface plasmon response)

SPR was used only for section 3.2 (taken from ‘Functional analysis of the secondary HIV-1 capsid
binding site in the host protein cyclophilin A’). See details in the materials & methods within this

section.
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Chapter 3

HIV-1 capsid serves as a lattice

that interacts with host factors
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3. HIV-1 capsid serves as a lattice that interacts with host factors

3.1. Introduction

The HIV capsid is an interaction platform for competing sets of proteins from the host cells. The
virus has evolved to hijack host proteins as cofactors for infection, whereby sites required for host
cofactor binding represent an appealing drug target. On the other hand, proteins from the innate
immune system have evolved to recognise viral capsids and target them for degradation. Assembled
HIV-1 capsid structures, such as CA tubes, spheres, and cones, have served as a useful tool for
investigating capsid-host interactions [107, 124, 125, 330, 331]. A better understanding of these
interactions at a molecular level is prerequisite for developing antiviral strategies that target the
capsid. Optimizing the methods for in vitro assembly of CA to resemble native cones as closely as
possible, and thus more suitable for interaction assays, would provide advantageous in addressing
these questions.

Section 3.2 contains a published study focused on investigating a previously proposed non-canonical
binding site between host protein CypA and HIV-1 capsid [109]. Our study suggested that the
proposed binding site, if present, was of low affinity. The content of section 3.2 was published in a
peer-reviewed journal, and | was a co-first author of the paper [121]. | would like to thank the co-
authors’ contribution to the paper, and for their consents for the incorporation of this paper into

my thesis Chapter 3.

Wang Peng, Jiong Shi, Chantal L. Marquez, Derrick Lau, James Walsh, K. M. Rifat Faysal, Chang H.
Byeon, In-Ja L. Byeon, Christopher Aiken & Till B6cking, “Functional analysis of the secondary HIV-1
capsid binding site in the host protein cyclophilin A”, Retrovirology, 16(1), 10. doi:10.1186/s12977-
019-0471-4.

The following work from the paper was undertaken as part of my PhD thesis:
1. Demonstration of assembled HIV-1 capsid as a lattice that interacts with the host protein
CypA
2. Quantitative description of the CypA-capsid interaction to determine affinity and
stoichiometry
3. Comparing the capacity of different capsid lattice assemblies and capsid subunits to interact

with CypA
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Sections 3.3 and 3.4 describe an optimized method for assembly of HIV-1 capsid for the production
of stabilized particles that are soluble, conical, and easily labeled by fluorescent dyes. This method
improves upon existing methods, thereby generating HIV-1 capsid assemblies that are well-suited
for our investigation of capsid-host interaction as well as the motility assays described in Chapter 4

and Chapter 5.
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3.2. HIV-1 capsid interacts with CypA: Publication - ‘Functional analysis of the secondary HIV-1
capsid binding site in the host protein cyclophilin A’

Peng et al. Retrovirology (2019 16:10
https://doi.org/10.1186/512977-019-0471-4

Retrovirology

RESEARCH Open Access

: : ®
Functional analysis of the secondary i
HIV-1 capsid binding site in the host protein
cyclophilin A

Wang Peng'", Jiong Shi*f, Chantal L Mérquez', Derrick Lau’, James Walsh', K. M. Rifat Faysal’,
Chang H. Byeon®® In-Ja L Byeon®* Christopher Aiken®*™* and Till Backing™*

Abstract

Background: Efficient HIV-1 replication depends on interaction of the viral capsid with the host protein cyclophilin
A (CypA). CypA, a peptidylprolyl isomerase, binds to an exposed loop in the viral CA protein via the enzyme's active
site, Recent structural aralysis of CypA in complex with CA tubes in conjunction with molecular dynamics simulations
identified a secondary CA binding site on CypA that allows a bridging interaction with two hexameric subunits of the
assembled CA lattice, leading to capsid stabilization (Liu et al. in Nat Cormnmun 7:10714, 2016).

Results: We performed mutational analysis of resicdues that have been proposed to mediate CA binding at the
secondary binding site on CypA (A25, K27, P29 and K30) and tested the effects of the amine acid substitutions using
interaction assays and HIV-1 infection assays in cells, The binding of recombinant CypA to self-assembled CA tubes or
native HIV-1 capsids was measured /n vitro using a quantitative fluorescence microscopy binding assay revealing that
affinity and stoichiometry of CypA to the CA lattice was not affected by the substitutions, To test for functionality of
the CypA secondary CA-binding site in HIV-1 infection, mutant CypA proteins were expressed in cells in which endog-
enous CypA was deleted, and the effects on HIV-1 infection were assayed. In normal Hel a-P4 cells, infection with
HIV-1 bearing the A92E substitution in CA is inhibited by endogenous CypA and was inhibited to the sarme extent by
expression of CypA mutants in CypA-null Hela-P4 cells, Expression of the mutant CypA proteins in CypA-null Jurkat
cells restored their permissiveness to infection by wild type HIV-1,

Conclusions: The amino acid changes at A25, K27, P25 and K30 did not affect the affinity of CypA for the CA lattice

binding site on CypA.

and did not impair CypA function in infection assays suggesting that these residues are not part of a secondary CA

Keywords: HIV-1, Capsid, Cyclophilin A, Non-canonical binding site

Background
The HIV-1 capsid is composed of about 1200-1500 cop-
ies of the viral CA protein arranged into a predominantly
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hexameric lattice with exactly 12 pentamers to form a
closed conical shell that houses the viral RNA [1, 2]. After
cell entry the capsid serves as a transport and reaction
container that recruits a series of host co-factors to coor-
dinate steps during the early stage of the HIV-1 life cycle
[1, 3, 4] including reverse transcription [5, 6], cytoplas-
mic transport [7, 8], nuclear import [9, 10], and integra-
tion targeting of the viral DNA [9, 11-13]. Somewhere on
its journey from the cell periphery into the nucleus, the
capsid undergoes a disassembly process (termed uncoat-
ing) that releases the viral DNA for integration into the
host chromosome. While there is controversy about the

©The Author(s) 2019, This article is distributed under the terms of the Creative Commons Attribution 4.0 Intemnational License
(httpe/creativecornmans.arg/licenses/by/4.0/), which perrits unrestricted use, distribution, and repraduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made The Creative Commaens Public Domain Dedication waiver (http://creativecammons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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precise location and timing of uncoating in the cell, it is
likely that capsid stabilily is also controlled by inleraction
of the capsid with proteins and small molecules that the
virus collects from the producer cell and/or the host cell.

The peptidylprolyl isomerase cyclophilin A (CypA} is
an abundant cytosolic protein that binds via its active
site to the CypA binding loop located on the N-terminal
domain of CA (CA-NTD). The CypA binding loop com-
prises CA residues 85 to 93 with G89 and P90 being the
primary binding motif for CypA [14, 15] (Fig. 1b). ‘Lhe
interaction of CypA molecules with multiple of these
loops exposed on the outside of the capsid in the cyto-
plasm of the target cell modulates HIV infection in a
cell type-specific manner [16, 17], possibly by regulat-
ing capsid stabilily and uncoaling [18, 19]. For exam-
ple, inhibition of this interaction in myeloid cells, cither
by using the competitive inhibitor cyclosporin A (CsA)
or by mutation of residues in the CypA binding loop
on CA, resulls in HIV-1 induction of host cell immune
responses, which has been attributed to premature
uncoating and release of viral DNA in the cytoplasm [20,
21]. The molecular mechanisms underlying modulation
of infection are not fully understood but may involve
dynarnic allostery [22].

A recent cryoelectron microscopy structure of CypA
in complex with self-assembled CA tubes revealed that
CypA binds preferentially between CA hexamers along
the direction of highest curvature [23]. The authors pro-
posed that CypA bridges between the hexamers by hind-
ing Lo a CypA loop of one hexamer via Lhe CypA aclive
site (canonical site) and contacting a CypA loop of the
second hexamer via a previously unidentified second

showing the lecation of Cyph {oyan asterisk) bridging between

CA molecules. The CA subunits that are bridaed by binding
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(non-canonical) binding site (Fig. 1h). Molecular dynam-
ics simulations suggested that the conlacl was medialed
by A88, G89 and P90 from CA and A25, P29 and K30
from CypA [23]. The bridging interaction afforded by the
second binding site is predicted to strengthen the inter-
action between CypA and the capsid as a result of avid-
ity, stabilize the capsid in the eytoplasm and facilitate the
effects of CypA in HIV-1 infection. Validation of this new
site is therefore crucial for further dissecting the molecu-
lar mechanisms by which CypA aflects the capsid during
the early stages of the HIV-1 life cycle. Here we show that
amino acid substitutions at CypA residues A25, K27, P29
and K30, which are proposed to mediate binding at the
second site, did not affect the interaction of CypA with
sell-assembled CA (ubes or nalive viral capsids in vitro
nor the function of CypA in HIV-1 infection in HeLa-P4
or Jurkat cells. Our results suggest that these residues do
not form a non-canonical capsid binding site.

Materials and methods

CypA expression and purification

The coding sequence for human CypA (wild type and
mutants A25D, K27D, P29K and K30D) was ampli-
fied from the corresponding constructs for mammalian
expression (see below) by PCR and cloned into a pET-21
vector using the Xhol and Ndel restriction sites to gen-
erate a construct for expression of CypA without purifi-
calion lags. CypA was expressed in E. coli Rosella (DE3)
cultured in LB medium containing 100 pg/ml ampicil-
lin and 32 pg/ml chloramphenicol al 37 °C with shaking
to an optical density of 0.5. After induction with 1 mM
IPI'G and expression at 37 °C for 3 h, the cells were

C51

canonical site /)

CypAloop—

“yphare

highlighted in magenta. b Side view of a structural model eblained rom all-atom molecular dynamics (MD) simulations of the Cyph-CA complex

ina helical assembly (PDB: 5SEIB). CypA (cyan) binds Lo the CypA loops o
its canenical binding site (eft) and propo

o CA subunits (magenta, only the N-termingl domains are shown) via
non-canenical binding site right), respectively. Residues involved Tn binding at the non-cancnical

binding site and the cysteine residue (C511 used for site-specific labeling are indicated
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harvested by centrifugation, resuspended in cold purifi-
cation buffer, whereby the buffer composition depended
on the mutations because these result in changes of the
isoelectric point of the protein: 25 mM HEPES, pH 7.6
[wild type CypA] or pH 7.2 [CypA A25D]; 50 mM MES,
pH 6.8 [CypA K27D and CypA K30D]; 50 mM Bicine,
pH 8.9 [CypA P29K]; each buffer was supplemented with
1 mM DTT, 0.02% NaN;, 1 mg/mL lysozyme and “Com-
plete” protease inhibitor. The cells were then lysed by
sonication on ice for 6 min (cycles of 15 s on/15 s off).
The lysate was centrifuged at 43,000g, 4 °C for 1 h and
the supernatant was filtered through a 0.22 um mem-
brane. All CypA variants were then partially purified by
subtractive anion exchange chromatography using two
HiTrap Q HP columns (2 x 5 mL connected in series, GE
Healthcare) equilibrated with the corresponding purifi-
cation buffer supplemented with 1 mM DTT and 0.02%
NaN;. In subtractive anion exchange chromatography,
the protein of interest elutes in the flow through dur-
ing sample loading while contaminating proteins bind
to the column and are thus removed. The next purifica-
tion step differed for the CypA variants. Wild type CypA
and mutants A25D and P29K were further purified by
cation exchange chromatography. Pooled fractions con-
taining CypA were adjusted in pH (pH 5.8 [wild type
CypAl; pH 5.1 [CypA A25D]; pH 6.1 [CypA P29K]) using
1% v/v acetic acid prior to centrifugation at 43,000g, 4 °C
for 1 h. The supernatant was injected onto HiTrap SP HP
columns (2 x 5 mL connected in series, GE Healthcare)
equilibrated with SP buffer, whereby the buffer compo-
sition depended on the mutation: 25 mM sodium phos-
phate, pH 5.8 [wild type CypA]; 50 mM sodium acetate,
pH 5.1 [CypA A25D]; 50 mM BIS-TRIS, pH 6.1 [CypA
P29K]; each buffer supplemented with 1 mM DTT, 0.02%
NaNj. CypA was eluted using a linear gradient from 0 to
1 M NaCl in the corresponding SP buffer. CypA mutants
K27D and K30D were further purified by gel filtration.
Fractions containing CypA were combined, concentrated
to yield a volume of approximately 600 pL and purified
using a Superdex 200 Increase 10/300 GL column (GE
Healthcare) equilibrated with gel filtration buffer (10 mM
HEPES, pH 8, 2 mM EDTA, 100 mM NaClj. All CypA
variants were dialyzed into CypA storage buffer (25 mM
HEPES, pH 8, 1 mM DTT, 0.02% NaNj, 20% glycerol)
prior to flash-freezing with liquid N2 and storage at
—80°C.

CypA fluorescence labeling

Recombinant CypA was labeled with a twofold excess of
Alexa Fluor 647-C2-maleimide (Thermo Fisher, A20347)
in PBS (pH 7.4) containing 0.1 mM TCEP at room
temperature for 10 min in the dark before quenching
with DTT. Unconjugated dye was removed using Zeba
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desalting columns (ThermoFisher) equilibrated with
AT647-CypA storage buffer (50 mM Tris, pH 7.9, 1 mM
DTT, 20% glycerol). Under these conditions, CypA is
quantitatively labeled at residue C51. Wild type CypA
labeled at C51 binds in surface plasmon resonance meas-
urements to immobilized CA or CA hexamers with the
same affinity as unlabeled CypA [24]. Labeled CypA was
frozen in liquid nitrogen and stored at —40 °C.

CA expression and purification for assembly of tubes

on surfaces

Expression and purification of CA mutants with engi-
neered cysteine residues for cross-linking tubes (CA
A14C/E45C) and for site-specific labeling (CA K158C)
was carried out using published methods for the purifica-
tion of CA [25].

CA fluorescence labeling

CA K158C was labeled with Alexa Fluor 488-C5-maleim-
ide at the engineered cysteine residue (Thermo Fisher)
after assembly into CA tubes to avoid modification of
native cysteine residues. CA K158C (7.36 mg/ml in
25 mM sodium phosphate buffer, pH 7, 0.02% NaNj,
2 mM DTT) was assembled for 15 min on ice after addi-
tion of solid NaCl to a final concentration of 2.5 M. The
resulting CA tubes were collected by centrifugation
(18,000g, 5 min) and resuspended in high salt buffer
(50 mM Tris pH 8, 2.5 M NaCl, 0.1 mM TCEP, 0.02%
NaN;). This centrifugation/resuspension process was
repeated twice. A twofold molar excess of Alexa Fluor
488-C5-maleimide was then added to the resuspended
CA K158C tubes, allowed to react for 1 min and unre-
acted dye was then quenched by the addition 2-mercap-
toethanol to a final concentration of 25 mM. The labeled
tubes were washed by four cycles of centrifugation and
resuspension in high salt buffer as above. Finally, the
tubes were collected by centrifugation, resuspended in
buffer without salt to induce disassembly (50 mM Tris,
pH 8, 0.1 mM TCEP, 0.02% NaNj). The solution was then
centrifuged at 18,000g, 10 min, 4 °C to remove aggre-
gates. The supernatant containing labeled CA was flash
frozen in aliquots with liquid N, and stored at —40 °C in
dark.

NMR experiments

Uniform *N/1C labeling of wild type CypA and CypA
mutants A25K, P29D and P29K was performed by
growth in modified minimal medium using *NH,Cl and
B3¢, glucose as the sole nitrogen and carbon sources,
respectively, Expression, purification and uniform
SN/BC labeling of wild type CA-NTD for NMR was
performed as described previously [26]. NMR experi-
ments were conducted at 25 °C on N/C wild type
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CA-NTD in the absence or presence of CypA (wild type
or mutants), or N/*C CypA (wild type or mutants) in
the absence and presence of wild type CA-NTD in NMR
buffer (25 mM sodium phosphate buffer, pH 6.5, 1 mM
DTT, 0.02% NaNj). A Bruker 600 MHz spectrometer
equipped with a 5 mm triple resonance and z-axis gradi-
ent cryoprobe was used to obtain one-dimensional (1D)
'H and two-dimensional (2D) 'H-'*N heteronuclear sin-
gle quantum coherence (HSQC) spectra.

Surface plasmon resonance (SPR} measurements

SPR measurements were performed on a Biacore S200
(GE Healthcare) as described previously [24]. Briefly,
biotinylated CA K158C and biotinylated CA hexamer
(assembled from CA A14C/E45C/W184A/M185A) were
immobilized in separate flow channels of a CM5 sensor
chip modified with streptavidin. Flow channels modified
with streptavidin only were used as reference cells. CypA
was exchanged into SPR running buffer (10 mM HEPES,
pH 8, 0.005%Tween 20, 2 mM EDTA, 150 mM NaCl)
using a Zeba desalting column and injected into the flow
channels at a range of concentrations (1.1-72.8 uM) for
20 s followed by wash-out with SPR running buffer for
30 s at a flow speed of 100 uL/min while measuring the
SPR response at a frequency of 40 Hz. SPR data were
analyzed using the Biacore S200 Evaluation software
and GraphPad Prism 7. Data for all background-cor-
rected SPR traces are available in Additional file 2: Tables
§1-S10.

Fabrication of microfluidic flow cells

Glass coverslips were sonicated in ethanol for 30 min
before sonication in 1 M NaOH for 30 min, and then
rinsed with ddH2O and dried. PDMS devices with five
flow channels (height 60 pm, width 800 pm) were pre-
pared following standard soft lithography protocols. Both
PDMS device and glass coverslip were exposed to an air
plasma inside a plasma cleaner for 3 min before they
were assembled into microfluidic flow cells. The micro-
fluidic flow cell was then heated at 70 °C for at least 5 min
to enhance bonding.

Surface chemistry and CA tube assembly on surfaces

The surface of the glass cover slip forming the bottom
of the microfluidic flow cell was coated with a co-poly-
mer composed of poly-L-lysine (PLL) and biotinylated
poly(ethylene glycol) (PEG) (Susos AG, PLL(20)-g[3.5]-
PEG(2)/PEG(3.4)-biotin(20%)) by incubating each flow
channel with a solution of PLL-PEG (1 mg/mL in PBS)
for 30 min at room temperature before washing the chan-
nels with water and drying. The flow channels were then
incubated with a solution of streptavidin (0.2 mg/mL) in
blocking buffer (20 mM Tris, pH 7.5, 0.2 mg/mL BSA,
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50 mM NaCl, 2 mM EDTA, 0.03% NaNj, 0.025% Tween
20) for 30 min at room temperature before rinsing the
flow channels with 50 L of washing buffer (50 mM Tris,
pH 8). The flow channels were connected to inlet and
outlet tubing and the entire flow cell mounted onto the
microscope stage. The outlet tubing of the channel in use
was connected to a syringe pump operated in withdraw
mode at a flow speed of 100 uL/min unless otherwise
specified. The flow channel was filled with an antibody
mixture (20 pL, delivered at 100 pL/min) containing
biotinylated anti-mouse IgG F(AB'), fragment (Jack-
son ImmunoResearch, 115-066-071; 1:800 dilution) and
mouse anti-HIV-1 p24 monoclonal antibody (Advance
Biotechnologies, 13-102-100; 1:800 dilution) and incu-
bated for 1 min before rinsing with 100 pL of washing
buffer. Then the flow cell was filled with CA tube assem-
bly mixture (15 pL, delivered at 30 uL/min) containing
CA-K158C-AF488 (4 M), CA A14C/E45C (76 uM) in
assembly buffer (50 mM Tris, pH & 500 mM NaCl; NaCl
was added just before flowing the mixture into the flow
channel) and incubated for 25 min to allow the growth of
CA tubes on the modified surface.

TIRF imaging of CypA binding to self-assembled CA tubes
The microfluidic flow cell was flushed with 100 pL of
imaging buiffer (50 mM Tris, pH 8, 150 mM NaCl, 2 mM
trolox (Sigma-Aldrich) and 2.5 mM protocatechuic acid
(Sigma-Aldrich)). CypA solutions (1-50 pM) were pre-
pared with AF647-CypA (1 pM) and unlabeled CypA
(added to make up the desired final concentration) in
imaging buffer supplemented with protocatechuate-
3,4-dioxygenase (0.25 U/mL, Sigma-Aldrich) shortly
before injection into the flow channel. The CypA solu-
tion (30 uL) was flowed into the microfluidic channel
and images were collected in both channels (CA and
CypA) in four different fields of view. Subsequently the
CypA solution was washed out with 100 uL of imaging
buffer. This procedure was used to image CypA binding
for a randomized sequence of different CypA concentra-
tions in the same flow channel. TIRF images (5 frames
per channel) were acquired with sequential excitation
with a 491 nm laser (CA channel) and a 639 nm (CypA
channel) with an exposure time of 10 ms using Andor
iXon 888 EMCCD cameras. Images were analyzed using
home-written image analysis software (https://githu
b.com/lilbutsa/]IM-Immobilized-Microscopy-Suite).
Regions of images containing capsid tubes were detected
using the CA channel. The fluorescence intensity (sum
of pixel values minus background intensity) for each
tube was determined in each channel. Background fluo-
rescence was determined from pixels surrounding the
regions containing tubes.
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The intensities of the two fluorophores were deter-
mined by single molecule photobleaching of labeled
proteins adsorbed onto the surface of a coverslip. The
absolute intensities of the two fluorophores were used to
convert the fluorescence ratio of each region between the
two channels (CypA:CA) to a molar binding ratio.

Binding curves were obtained by plotting the best fit
molar binding ratio as a function of CypA concentra-
tion. The following equation was used for model fitting
to obtain estimates for the dissociation constant and
the maximum binding ratio: Req) =[CypA] x R(max) /
([CypA] + Kp), where R(eq) is the CypA:CA ratio at equi-
librium for a given CypA concentration, [CypA] is the
concentration of CypA, R{max) is the CypA:CA ratio at
saturation and K, is the dissociation constant.

TIRF imaging of CypA A25D binding to capsids

in permeabilized viral particles

The protein—capsid interaction assay with viral par-
ticles immobilized inside the microfluidic flow chan-
nel was carried out as described previously. Briefly,
HIV-1 particles were produced by transfecting HEK-
293T cells with a mixture of pNL4.3-iGFP-AEnv and
psPAX2 (1.4:1, mol/mol) using polyethylenimine (PEI
Max) reagent (Polysciences, 9002-98-6), Superna-
tant containing viral particles was collected 48 h after
transfection. The viral particles were biotinylated with
EZ-Link Sulfo-NHS-LC-LC-Biotin {(Thermo Scientific,
21338) and purified by size exclusion chromatography
using a HiPrep 16/60 Sephacryl S-500 HR column (GE
Healthcare) equilibrated with HBS (50 mM HEPES, pH
7.5, 100 mM NaCl). For imaging, viral particles were
bound inside a microfluidic channel to the surface of
a cover slip modified with PLL-PEG and streptavidin
as described above. AF647-CypA A25D binding was
imaged by time-lapse total internal reflection fluores-
cence microscopy (sequential acquisition, 491 nm and
561 nm laser, 20 ms exposure time, one frame per sec-
ond) after injecting perfringolysin O (200 nM) in VLP
imaging buffer (50 mM HEPES pH 7.0, 100 mM NaCl)
supplemented with an oxygen quenching system to
reduce photobleaching (2 mM trolox, 2.5 mM protocat-
echuic acid, 0.25 U mL-1 protocatechuate-3,4-dioxyge-
nase). CypA solutions (0.1-20 mM) were prepared with
AF647-CypA (1 pM) and unlabeled CypA (added to
make up the desired final concentration) in VLP imag-
ing buffer were assessed, whereby the concentration of
the AF647-CypA A25D was used at a maximum con-
centration of 1 pM. Images were analysed with software
written in MATLAB (The MathWorks, Inc.) as previ-
ously described [24].
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Generation of cells expressing mutant CypA proteins
Hela-P4 cells [27] were cultured in Dulbecco’s modifica-
tion of Eagle’s medium (DMEM) containing 10% fetal
bovine serum and antibiotics. Jurkat cells were cultured
in RPMI1640 medium with the same supplements. The
PPIA pene, encoding cyclophilin A, was disrupted in
Hela-P4 cells by transduction with a pLentiCRISPRv2
lentiviral vector [28] encoding guide RNA sequence
5-GTTCTTCGACATTGCCGTCGA-3"  The vector
was packaged by cotransfecting 293T cells with psPAX2
(AddGene 12260) and pHCMV-G [29]. Transduced
cells were selected in puromycin; single-cell clones were
obtained by limiting dilution, expanded, and analyzed for
CypA expression by immunoblotting. A cell clone lack-
ing detectable CypA expression was reconstituted with
wild type and mutant CypA proteins. For CypA recon-
stitution, pEF-IRES-bsd, a lentiviral vector containing
the eEF1 promoter upstream of an IRES-Bsd cassette,
was constructed from the EFCMV.RFP lentiviral vector
(Addgene plasmid # 17619; a gift from Linzhao Cheng)
by substituting the IRES-Bsd cassette region, amplified
by PCR from pMXs-IRES-Bsd (Cell Biolabs, cat. RTV-
016), for the CMV-RFP region. Mutant CypA cDNAs
with an upstream consensus Kozak sequence (CCACC)
were created by site-directed mutagenesis via overlap
PCR and inserted into the unique EcoRV site in pEF-
IRES-Bsd. The orientation of the inserts was tested by
restriction digestion, and the CypA cDNA inserts were
confirmed by DNA sequencing. The resulting lentiviral
vector constructs were packaged and transduced into
the CypA-disrupted Hela-P4 cell clone. Transduced cells
were selected with blasticidin, and the resulting popula-
tions were analyzed by immunoblotting for CypA expres-
sion. For Jurkat cell lines, Jurkat PPIA—/—cells [30]
obtained from the NIH AIDS Reagent Program, were
reconstituted by transduction with EF-CypA-IRES-Bsd
vectors. Blasticidin-resistant populations were selected
and used in HIV-1 infection assays.

Infection assays

Cells were assayed for permissiveness to HIV-1 infection
by flow cytometric analysis of infected cells expressing
GFP following inoculation with HIV-1 reporter viruses
encoding GFP. VSV-G-pseudotyped reporter particles
were produced by co-transfection of 293T cells with
pHIV-GFP [31] and pHCMV-G. Culture supernatants
were harvested and clarified by centrifugation, assayed
for p24 by ELISA, and frozen in aliquots at — 80 °C. Jurkat
cells were suspended at 200,000 per ml and distributed
into 96-well plates {100 ul. per well), and dilutions of the
reporter viruses were added (100 uL volumes) with poly-
brene at a final concentration of 5 pug/ml in the presence
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and absence of cyclosporin A (5 uM). Virus stocks were
diluted to achieve infection levels from 1-30% to ensure
accurate quantification. Two days after inoculation, cells
were fixed overnight with 2% paraformaldehyde. For
Hela-P4 infection assays, 10,000 cells were seeded over-
night in wells of 96-well plates (100 pL volumes). Mon-
olayers were inoculated with viruses in the presence of
polybrene for 48 h, after which cells were detached with
trypsin and fixed in paraformaldehyde. Fixed cell popula-
tions were analyzed for GFP expression with an Accuri
C6 flow cytometer. The extent of infection was expressed
as %GFP+cells. Infection assays were performed in
duplicate and the average values determined.

Immunoblotting

Cells were detached with trypsin and complete medium
was added. Cells were pelleted, washed once in PBS, and
cytoplasmic extracts prepared by lysis in 100 mM Tris-
HCI pH 8.0, 100 mM NaCl, 0.5% NP-40. Protein con-
centrations were determined by the bicinchronic acid
method (Pierce). Normalized quantities of total protein
were subjected to SDS-PAGE on 4-20% polyacrylamide
gradient gels (GenScript). After separation, the proteins
were transferred to nitrocellulose membranes (Perkin
Elmer) and probed with polyclonal antibody to cyclophi-
lin A (Millipore, Cat. #07-313) at a 1:2000 dilution and
antibody to GAPDH (Thermo Fisher, Cat #A21994; 5 ug/
ml). Antibody complexes were detected with the appro-
priate IR dye-conjugated secondary antibodies (LI-COR
Biosciences) and detected by scanning with a LI-COR
Odyssey imaging system. Bands were quantified using
the Odyssey imaging software.

Results

We generated single site CypA mutants (A25D, K27D,
P29K and K30D) at four residues located at the secondary
CA contact site (Fig. 1b) and tested their ability to disrupt
CA binding biochemically and affect HIV-1 infection in
cells. Additional mutants at these residues (A25K, K27A
and P29D) were also tested in the infection assays. Intro-
duction of a charged amino acid (lysine or aspartic acid)
at residues A25 and P29 was designed to disrupt possible
hydrophobic interactions with CA. The mutation at P29
(located at the N-terminal side of an a-helix) may also
lead to localised main-chain displacement. Mutating K27
and K30 to an aspartic acid residue replaces a hydrogen
bond donor with a hydrogen bond acceptor. In addition,
these mutations, as well as K27A, change the steric con-
figuration at these sites. K30D would also be expected to
locally destabilise the structure by breaking the interac-
tion of K30 with E83 that is apparent in the crystal struc-
ture of wild type CypA [32].
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To test for avidity arising from the bridging binding
mode of CypA with CA lattices (Fig. la), we compared
the affinity of recombinant wild type and mutant CypA
(A25D, K27D, P29K and K30D) for unassembled CA,
cross-linked CA hexamers and self-assembled CA tubes.
Biophysical characterization of purified proteins by dif-
ferential scanning fluorimetry and circular dichroism
(Additional file 1: Figure $1) showed that mutants A25D,
K27D and P29K were similar to wild type CypA with
respect to melting point and secondary structure content,
whereas CypA K30D was destabilized, possibly as a result
of removing the interaction of K30 with E83 as discussed
above, 1D 'H spectra of CypA A25K and P29D mutants
(not shown) and 2D H-'N HSQC NMR spectrum of
B5N/3C-labeled CypA P29K mutant (Additional file 1:
Figure S2B) reveal that the structures of the mutants are
essentially the same as for wild type protein (Additional
file 1: Figure S2A), whereby perturbations were confined
to the mutated site and neighbouring residues while the
active site was intact. Moreover, the binding property of
CypA P29K (Additional file 1: Figure S2D) to CA-NTD,
studied by 'H-1*N HSQC, was the same as for wild type
protein (Additional file 1: Figure S2C), i.e. the same set
of CypA residues were perturbed by CA-NTD. Similarly,
the 'H-'N HSQC spectral perturbations of °N/B3C-
labeled CA-NTD upon adding unlabeled CypA P29K,
P29D and A25K were similar (not shown). In summary,
the binding data by NMR indicate that these CypA resi-
dues are not involved in the interaction with monomeric
CA in solution.

We first used surface plasmon resonance (SPR) to
determine the dissociation constant (Kp) for all CypA
variants interacting with CA immobilized on the sur-
face of the SPR chip (Fig. 2 and Table 1, Additional file 1:
Figure $3). The K, for the interaction of wild type CypA
with unassembled CA (Kp, ~27 uM) was in the range of
values determined previously by a range of techniques
(7 pM [9] or 16+ 4 uM [14] measured by isothermal
titration microcalorimetry; 30 (M [33] or 21.8 pM [24]
measured by SPR). As expected, the affinity of the inter-
action was essentially the same when using cross-linked
CA hexamers (Fig. 2) because the bridging binding mode
is not available within a single hexamer but only avail-
able between hexamers in a lattice (Fig. 1a). The K, val-
ues for mutants A25D, K27D and P29K interacting with
unassembled or hexameric CA were similar to the values
observed for wild type CypA (Table 1) confirming that
these mutations did not affect the integrity of the active
site. The destabilized mutant K30D showed only a minor
defect in binding via the active site with a 1.5—twofold
increase in K, compared to the other variants.
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Next, we investigated the interaction of wild type and
mutant CypA with the CA lattice. Capsid binding of host
proteins is commonly investigated using co-sedimen-
tation with CA (or CA-NC) tubes as surrogates for the
native capsid lattice. Recombinant CA sell-assembles into
tubular lattices made up of CA hexamers in the presence
of high salt in the buffer. These tubes can be stabilized to
prevent disassembly at physiological salt concentrations
by using a double cysleine mutant (CA A14C/E45C)
that forms disulfide cross-links between adjacent CA
subunits in each hexamer, Here we used a quantitative
flucrescence imaging assay to measure the affinity and
stoichiometry of CypA variants binding to cross-linked
CA tubes, as illustrated in Fig. 3a. CA tubes were grown
inside a microfluidic flow-channel in a high salt solution
by co-assembly of CA A14C/F45C and CA K158C modi-
fied with Alexalluor 488 (for fluorescence labeling of the
Lubes) and immobilized onto the modified surface of the
glass cover slip via an antibody directed against the CypA
loop of CA. We then measured binding and dissociation
of CypA labeled at Cys51 with Alexa Fluor 647 (Fig. 1b)
flowed into the channel al a range of concentrations and
then washed out while imaging the fluorescence signals
of the CA tubes and bound CypA by total internal reflec-
tion fluorescence (TIRF) microscopy. CA tubes were
detected as lines in the (luorescence image (Fig. 3b, Lop).
The signal of AF647-CypA co-localized with the tubes
and rapidly reached a constant level after injection into
the flow channel (Fig. 3b, bottom). Wash-out with buffer
led to complete disappearance of the AF647-CypA sig-
nal indicaling rapid dissociation (Fig. 3b, bottom). The
ratio of the fluorescence intensity for cach tube in the
CA channel to the corresponding intensity in the CypA
channel was converted to a molar binding ratio (see
Materials and Methods). Analysis of the binding curves
measured for tubes in multiple fields of view at a range
of CypA concentrations with an equilibrium binding
model (Fig. 3¢) then yielded an estimate of K. There was
no statistically significant difference in the afTinity of the
interaction between CypA and CA tubes for wild type
(K~ 15 puM) and mutant CypA (Kp ~ 16-18 pM), includ-
ing the destabilized mutant K30D (Fig. 3d and Table 1).
The binding curves further revealed that CypA binding
to the CA lattice saturated when ~ 40% of CypA loops on
the lattice are occupied with a CypA molecule irrespec-
Live of mutation (Fig. 3¢). 'This binding ratio is close Lo the
maximum ratio that is expected when taking steric hin-
drance between CypA molecules interacting with neigh-
boring CypA loops on the lattice into account [23]. We
conclude thal substilutions of residues al the proposed
secondary binding site on CypA do not affect the aflinity
or stoichiometry of CypA binding to the hexameric lat-
tice of cross-linked CA tubes.
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Table 1 Dissociation constants (Kp/pM) for the CypA-CA
interaction determined by SPR for CA and cross-linked
CA hexamers (single experiments) and by fluorescence
imaging for cross-linked CA tubes and native capsids
(mean +standard deviation)

CA CA hexamer CA tube Native capsid
WT 268 237 14545 107+£07
A25D 226 208 172448 87E£21
K270 285 21.7 17767 nd.
P2oK 206 21 164+£38 n.d.
K30D 379 357 17+£92 nd.

nd. Not determined

Finally, we chose CypA A25D as one of the second-
ary site mutants without folding defects to determine
whether its interaction with the wild type CA lattice of
authentic viral cores was impaired compared to wild
type CypA. The binding affinity and the number of CypA
loops that can be occupied simultaneously on the assem-
bled capsid were determined using our recently devel-
oped in vitro single-molecule fluorescence imaging assay
(Fig. 4a) [24]. Viral particles containing GFP as a solution
phase marker were immobilized on the glass surface of
a cover slip and permeabilized with a pore-forming pro-
tein to allow access of CypA to the capsid. Permeabilized
virions with intact capsids retain encapsidated GFP mol-
ecules and were detected as diffraction-limited spots in
the GFP channel. The fluorescence intensity of AF647-
CypA injected into the flow channel was then monitored
by TIRF microscopy at each location corresponding to
an intact capsid, reaching a rapid equilibrium level. The
AT647-CypA fluorescence intensity was then converted
to the number of CypA molecules bound using a calibra-
tion value obtained by single molecule photobleaching.
Representative equilibrium binding curves obtained by
plotting the mean number of molecules per capsid as a
function of CypA concentration are shown in Fig. 4b for
wild type (top) and mutant {(bottom). The K of CypA
A25D binding to intact capsids (8.7 +£2.1 uM) was not
significantly different from the Ky measured for wild
type CypA in the same system (10.7 £0.7 uM) (Fig. 4c).
Likewise, the number of CypA loops occupied at satu-
ration, as determined from the fit of the equilibrium
binding curve, was not significantly different for mutant
(877 £286) and wild type (987+251) CypA (Fig. 4d).
Taken together our observations with cross-linked tubes
and authentic capsids suggest that mutation of secondary
site residues does not affect binding of CypA to the CA
lattice im vitro.

To test for functionality of the CypA secondary CA-
binding site in HIV-1 infection, we expressed mutant
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CypA proteins in cells in which endogenous CypA was
deleted and assayed the effects of secondary site muta-
tions on HIV-1 infection. In the following sections we
present results from infection assays in (1) Hela-P4
cells {using HIV-1 with CA A92E mutation) and (2) Jur-
kat cells.

The HIV-1 capsid escape mutant A92E arises during
passage of HIV-1 in HeLa-P4 cells during CypA inhibi-
tion [34] and is poorly infective in cells expressing high
CypA levels such that its replication becomes depend-
ent on the presence of the CypA inhibitor cyclosporin
A (CsA) [35]. In HeLa-P4 cells, which express high lev-
els of endogenous CypA, infectivity of an HIV-1 A92E
reporter virus in the absence of CsA was less than 10%
of the infectivity in the presence of CsA (— CsA/+ CsA
infection ratio <0.1, Fig. 5a). As expected, removal
of CypA expression by disruption of the PPIA gene
with CRISPR technology resulted in efficient HIV-1
A92E infection without the need for CypA inhibition
(—CsA/+ CsA infection ratio>0.8, Fig. 5a). Wild type
CypA and CypA mutants A25D, A25K, K27A, K27D,
P29K and K30D could be expressed in the CypA-null
cells at near or above endogenous levels (Fig. 5b) using
lentiviral vectors, which inhibited HIV-1 A92E infec-
tion and thus restored the CsA dependence to the
same extent for all variants (— CsA/+ CsA infection
ratio <0.1, Fig. 5a).

CypA enhances HIV-1 infection in Jurkat cells [30, 36]
and accordingly we found that infection of Jurkat cells
with an HIV-1 reporter virus expressing GFP was about
twice that in the absence of CsA vs, in the presence of
CsA (Fig. 6a). As expected, HIV-1 infection was the same
in the absence and presence of CsA in CypA-null Jur-
kat cells {(— CsA/+ CsA infection ratio =1, Fig. 6a), con-
firming that the antiviral effect of CsA is via inhibition
of CypA. Expression of CypA proteins with mutations
in secondary site residues A25 and K27 in CypA-null
Jurkat cells restored their permissiveness to infection
by wild type HIV-1 close to the level observed for wild
type CypA, while the destabilized mutant CypA K30D
showed partial enhancement of infectivity (see also Addi-
tional file 1: Figure S4). Expression of CypA P29K also
enhanced HIV-1 infection close to wild-type levels, while
CypA P29D did not restore permissiveness to infection,
possibly because the expression level of this mutant was
too low in CypA-null Jurkat cells (approximately half of
the expression level of wild type CypA in CypA-null Jur-
kat cells, Fig. 6b). In additional experiments, expression
of the P29D and P29K mutants was undetectable, and the
phenotype of the corresponding cell lines was identical to
that of the CypA-null cells (Additional file 1: Figure S4).
Taken together these results suggest that the second cap-
sid binding site on CypA is not functional in the infection
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assays we employed or was not affected by the amino
acid changes tested thus far.

Discussion and condlusion

Our mutational analysis of CypA residues at the pro-
posed second CA binding interface revealed that intro-
duction of a charged residue at A25 or P29, or charge

reversal at K27 or K30, had no effect on: (1) CypA
binding affinity or stoichiometry with the CA lattice in
vitro; (2) Lhe ability of the protein Lo inhibil infection
of HeLa-P4 cells by a HIV-1 CA escape mutant that
is dependent on CsA for replication; and (3) the abil-
ity of CypA to enhance HIV-1 infection of Jurkat cells.
On the basis of these observations we conclude that the
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residues investigated here do not constitute a second-
ary binding interface for CA. Mutational analysis of CA
was not carried out because the same residues {A88,
G89, P90) implicaled in binding o the non-canonical
site of CypA also interact with the active (canonical)
site of CypA, where they are buried into a hydrophobic
groove [15].

Our in-vitro measurements of CypA-CA inlerac-
tions utilized primarily self-assembled CA A14C/EASC
tubes, which are similar in structure to the wild type
CA tubes used previously to determine the cryoEM
structure of the complex [23]. 'the CypA:CA stoichi-
omelry of ~0.3-0.4 (corresponding Lo aboul two CypA
molecules per hexamer) we obtained for all CypA vari-
ants is consistent with the computationally generated
binding models reported for the tubular complex [23].
‘Lhe additional interaction via the second site for CypA
molecules along the most highly curved direction of
the tube (corresponding to one CypA molecule per CA
hexamer) would be expected to strengthen CypA-CA
lattice interaction through avidity. Disabling the second
site, e.g. via mutation, should weaken the interaction

of mutant CypA with the tube compared to the wild
Llype prolein, which was nol observed in our assay. The
cross-linked hexamer used here to stabilise tubes at
physiological salt concentrations structurally resembles
the native hexamer [37] but cross-linking could in prin-
ciple affect interactions with the lattice, e.g. as a result
of lattice rigidification. As an additional test, we used
a new fluorescence imaging assay thal can quantify the
number of CypA molecules interacting with native viral
capsids to compare one of the mutants (A25D) to the
wild type protein, but we observed no differences in
aflinity.

Similarly, our HIV-1 infection assays in HeLa-P4 and
Jurkat cells revealed no functional differences between
wild type CypA and the second site mutants, suggesting
that the site was misidentified or does not play a role
in the CypA use by HIV-1 capsid during the early life
cycle.

The mutational analysis of residues conducted here
does not rule out the existence of a secondary CA bind-
ing site and [ulure structural studies of the complex al
higher resolution may identify a different set of CypA
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the indicated CypA mulant cDNAs. a Analysis of the extent of

1Y 1 infection of the indicated cell Iines by the AG2E CA mutant

inthe presence and absence of CsA.A higher ratio indicates less

enhancement ol infection by CsA Shown are Lhe resulls of two

independent determinations. b Quantitative analysis of CypA

sion by immunoblotting relativa to wild type Hela P4 cells. All
were separaled on Lthe same gel and CypA and GAPDH were

Jonthe sames blot membrane. CypA signals were normalized

ponding GAPDI signals

Fig. 6 Functicnal analysis of selected
cells. Jurkat PPA —/—
encoding the indizated
cortaining the indicated armi
the extent of infection of the indicated cell line
cand absence of cyc
are from T perdent as
by immunol ive Loy wild type Jurks g
nermalized anding GAPDH signals fromth
blot All sampl sre separated onthe same gel and Cyph and
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acic substitutions, a Analysis of
HIV-11n the

residues that could constitule such a site. Qur observa-

tion that the binding of wild type CypA to the CA lat-  for CA tubes and up to threefold reduction in Ky, for
tice is Ul’lly modestly stronger with the CA lattice than native capgidg) suggests that [‘)jndjng at the second site,
with unassembled CA (up to twofold reduction in Ky if present, is considerably weaker than at the active site
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and/or only accessible at few locations on the capsid
lattice.

Additional files

Additionalfile 1. Biochemical and structural characterization of CypA
mutants, SPR sensorgrams, additional infection assays in Jurkat cells
expressing CypA mutants.

Additional file 2. Tables of SPR sensorgram data.
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Supplementary information

Functional analysis of the secondary HIV-1 capsid binding site in the host protein
cyclophilin A

Wang Peng, Jiong Shi, Chantal Marquez, Derrick Lau, James Walsh, K. M. Rifat Faysal, Chan
H. Byeon, In-Ja L. Byeon, Christopher Aiken, Till Bocking

A LT —_—— c
w 40 WT 40 A25D
[
20 20
o o
- E o £ o
-20 -20
-
-40 40
” 200 220 240 260 200 220 240 260
Wavelength {nm) Wavelength (nm)
2
b mi K27D a0 P29K
. 20 20
s E oo E oo
1O
20 20
N -40 -40
B ~ 110 200 220 240 260 200 220 240 260
13 1.05. Wavelength (nm) Wavelength (nm)
S 1
o
< 100 40 K30D
3
g e wr i 20
T ;o0 A25D E o
5 — K2
8 085 P29K -20
£ J—
W 080-— T T T T K?GD -40
40 50 60 70 80 20 200 220 240 260
Temperature (°C) Wavelength (nm)

Supplementary Figure $1. Biochemical and structural characterization of recombinant
CypA. A. SDS PAGE analysis with Coomassie staining of purified wild type and mutant CypA
expressed in bacteria. B. Melting curves of wild type and mutant CypA measured by differential
scanning fluorimetry. Melting temperatures (indicated by the dots} could be estimated for wild
type CypA (56.8 °C) and mutants A25D (54.2°C), K27D (54.1°C) and P29K (52.2°C). The
melting curve for CypA K30D showed a high fluorescence emission ratio across the entire
temperature range (35-95 °C) indicating that this mutant is not properly folded. C. Circular
dichroism spectra of wild type and mutant CypA.
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Supplementary Figure $2. 'H-'"*N HSQC spectra shaw that wild type CypA and CypA P29K

have essentially the same structure and CA-NTD-binding property.

A. "H-"*N HSQC spectrum of N/"*C wild type CypA.
B. 'H-'SN HSQC spectrum of ®N/"*C CypA P29K.
C. Superimposed 'H-""N HSQC specira of "*N/'*C wild type CypA alane (blue) and with 2-fold

molar excess of CA-NTD {red}.

D. Superimposed 'H-'"*N HSQC specira of 'SN/"*C CypA P29K alone (cyan) and with 2-fold

molar excess of CA-NTD {magenta}.
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Supplementary Figure S3. Surface plasmon resonance spectroscopy traces of wild type
and mutant CypA interacting with CA and cross-linked CA hexamers. CypA WT, A25D,
K27D, P29K and K30D at a range of concentrations (1.1, 2.3, 4.5,9.1, 18.2, 36.4 and 72.8 uM
corresponding to curves from bottom to top) were flowed through SPR chip flow cells for 20s
followed by wash-out while SPR response were recorded. SPR responses in CA
monomer/hexamer flow cells were corrected from reference responses.
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Supplementary Figure 54. Additional functional analysis of selected CypA mutants in
Jurkat cells. Jurkat PPIA—/- cells were transduced with lentiviral vectors encoding the
indicated wild type {(WT) and mutant CypA proteins containing the indicated amino acid
substitutions. {A) Analysis of the extent of infection of the indicated cell lines by HIV-1 in the
presence and absence of cyclosporin A (CsA). The results shown are from one independent
assay. (B) Analysis of CypA expression by immunoblotting relative to wild type Jurkat cells.
Signals were normalized by the corresponding GAPDH signals from the same blot. All samples
were separated on the same gel and CypA and GAPDH were stained on the same blot
membrane. CypA signals were normalized by the corresponding GAPDH signals.
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3.3. In vitro assembly of HIV-1 CA to produce cones that are stabilized, remain soluble, and are
labelled with fluorophores

In section 3.2, we used the stabilized and fluorescence labelled CA tube, reported by Lau et.al [124],
as a tool to investigate the capsid-CypA interaction. This method is based on the established CA
mutant A14C/E45C [113], which assembles into CA tubes at high salt similarly to CA WT. Although
this tool serves as a powerful platform for studying the interactions between HIV-1 capsid and host
factors, it is not compatible with our motility assay due to the propensity of CA tubes to aggregate.
To be suitable for the motility assay, the capsid structures must be soluble and ideally assemble into
structures that resemble what is observed for the native virus (i.e., cone-like). To overcome this
challenge, we combined the established CA stabilizing mutant A204C which preferentially assembles
into cone-like capsids [95] and the CA mutant A92E which decreases the hydrophobicity of the
capsid exterior [80][74]98%, thus generating a CA double mutant A92E/A204C for assembly of conical,
soluble, and stabilized HIV-1 capsid particles. Fluorescence was introduced by co-assembly of CA

A92E/A204C and CA K158C specifically labelled at the engineered cysteine residue at position 158

(see 2.2.4.1).

Fig. 3.1 Representative negative stain electron microscope images of HIV-1 capsid assemblies. WT
(a), A14C/EASC (b), A204C (c), A92E/A240C (d), zoomed in field of view of A92E/A204C capsid (e),

and cryogenic electron microscopy image of HIV-1 virions (f, image from [332]).
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HIV-1 capsid structures assembled from CA A92E/A204C (Fig. 3.1.d) appeared as separate cones in
negative staining electron microscopy images while structures assembled from CA WT, A14C/EA45C,
and A204C (Fig. 3.1.a-c) were aggregated into large clusters containing CA tubes. The morphology
of self-assembled A92E/A204C capsids was (Fig. 3.1.e) comparable to the HIV-1 capsid within native
HIV-1 virions (Fig. 3.1.f, image from [332]). Although CA A92E/A204C and A204C preferably
assembled into conical structures, they also formed CA tubes depending on assembly conditions.
We noticed that pH, ionic strength, and concentration of IP6 during HIV-1 CA assembly all had effects
on capsid morphology (data not shown). Therefore, we picked assembly conditions (see 2.2.4.1)
that produced predominantly conical capsids (Fig. 3.1.d) for downstream experiments. We further
applied a 2-step spin method to isolate soluble capsids from capsid aggregates and unassembled CA
protein (Fig. 3.2.A). In short, assembled CA (fraction P1) was first separated from unassembled CA
(fraction S1) by a fast spin, and then resuspended prior to a slow spin to separate soluble capsids
(fraction S2, used for subsequent experiments) from capsid aggregates (fraction P2). Assembly
efficiency and fluorescence labelling ratio were estimated based on Coomassie and fluorescence
band intensities when the fractions were examined by reducing SDS-PAGE. Solubility of these capsid

particles were confirmed by negative stain EM (Fig. 3.2.C) and TIRFm (Fig. 3.2.D).

A | AM (assembly mixture) B

Fast spin (18,000 g)

S1

P1

Resuspend

Slow spin (5,000 g)

S2

Fig. 3.2. Preparation of pre-assembled, conical, soluble, stabilized, and fluorescence labelled HIV-
1 capsid. A. Schematic display of a 2-step spin method for separating soluble capsid (S2) from capsid
aggregates (P2) and unassembled CA protein (S1). The assembly mixture (76 uM CA A92E/A204C, 4

UM K158C-AF647 in 50 mM MES, pH 6, 30 mM NaCl, 2.5 mM IP6) was incubated for > 1h at 4 °C
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prior to the first spin. B. The assembly mixture (AM) and fractions S1, P1, S2, P2 were analyzed by
reducing SDS page (top, Coomassie; bottom, fluorescence). C-D. Representative negative stain EM
image (C) and TIRFm image (D) of the pre-assembled, conical, soluble, stabilized, and fluorescently

labelled HIV-1 capsid.

3.4. The self-assembled HIV-1 CA A92E/A204C capsids interact with known capsid binders

We demonstrated that the capsids self-assembled as described in section 3.3 were able to interact
with known capsid binders (Fig. 3.3) using a TIRFm binding assay. Fluorescent capsids captured onto
the surface of a chemically modified glass coverslip appeared as diffraction-limited fluorescence
spots in the TIRF image of the capsid channel. Addition of capsid-binding molecules labelled with a
different fluorophore to the solution resulted in the appearance of fluorescence spots in the binder
channel that co-localised with the signals in the capsid channel, as demonstrated for CypA-AF488,
which binds to the CypA loop on the N-terminal domain of CA and for a range of Atto488-labelled
polyanions that bind to the R18 pore in the centre of CA hexamers including ATP, dATP and
hexacarboxybenzene (Fig. 3.3). These observations confirmed that the self-assembled CA

A92E/A204C capsids could serve as a lattice for interaction with known capsid-binding host factors.

Capsid channel

Binder channel |

i e

CypA-AF488 ATP-atto488 dATP-atto488 HCB-atto488
Fig. 3.3. The self-assembled HIV-1 capsids (from CA A92E/A204C) interact with known capsid
binders. Representative TIRFm images of binding assays using fluorescent versions of known capsid

binders including CypA, ATP, dATP, and hexacarboxybenzene (HCB) were demonstrated to interact
with the self-assembled CA A92E/A204C structures prepared as described in section 3.3.
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3.5. Summary
This chapter describes the property of HIV-1 capsid as a lattice that interacts with host factors.

Section 3.2 contains a published study showing that amino acid substitutions in CA at a proposed
secondary binding site between the host protein CypA and HIV-1 capsid did not affect the binding
affinity or ability to support infection, suggesting that the proposed residues do not participate in a
potential secondary binding site [109]. A recent study from the same group suggests that CypA
senses specific geometries of capsid lattice and that one CypA could interact with up to three CA
molecules simultaneously [160]. However, our data do not provide strong evidence for the existence
of non-canonical binding site(s) based on the observations that CypA binds to CA monomer,

hexamer, and capsid lattice with highly similar affinities [121].

Section 3.3 and 3.4 describe an optimized method for assembly of soluble, stabilized HIV-1 capsids
that are fluorescently labeled and retain the shape of native viral capsids. Compared to existing
methods, our method greatly improves capsid solubility, providing an optimized reagent to
investigate the interactions between HIV-1 capsid and host factors at a molecular level. More
importantly, this method yields HIV-1 capsids suitable for single molecule assays, which is a

prerequisite for the downstream motility assays described in Chapter 4 and Chapter 5.
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Chapter 4

In vitro reconstitution of dynein-
dependent transport of HIV-1

capsid
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4. In vitro reconstitution of dynein-dependent transport of HIV-1 capsid

4.1. Introduction

Multiple studies have demonstrated that the dynein-dynactin complex (hereafter referred to as
dynein complex unless discussion of dynactin is necessary) is required for HIV-1 infection [149].
Disrupting components of this complex inhibits the transport of the HIV-1 viral core towards the
nucleus, consistent with the role of dynein as the canonical retrograde motor [51, 149, 256, 257].
While other studies have implicated the involvement of dynein in additional steps of HIV-1 infection
including uncoating [150] and reverse transcription [253, 333], it is likely that these effects are
related to defects in cytoplasmic HIV-1 capsid transport. These initial studies clearly demonstrate a
role for dynein in the early life cycle of HIV-1 infection; however, two important questions remained
unaddressed. First, how is the interaction between the HIV-1 core and the dynein motor complex
regulated? Second, if the ability of dynein to transport HIV-1 core is governed by the conventional
dynein-dynactin-adaptor-cargo model [283-285], is HIV-1 capsid sufficient to drive the formation of

a dynein-dynactin-adaptor-cargo complex?

As noted above, the assembly of a processive dynein motor complex requires adaptor proteins that
have been activated through the binding of cargo. BICD2 is a well-known adaptor protein of dynein
[258, 259] and it has been shown to be required for HIV-1 infection in a genome-wide RNAi screen
[102]. Dharan et al. reported that BICD2 is the adaptor protein which links HIV-1 capsid to dynein
for the dynein-dependent transport of the HIV-1 viral core [74]. This study demonstrated that
depletion of BICD2 or disruption of the BICD2-dynein interaction led to defects in HIV-1 infection.
Using proximity ligation assays the authors showed that BICD2 associates with HIV-1 capsid during
infection, suggesting that BICD2 binds to HIV-1 capsid directly. The direct interaction between BICD2
and HIV-1 capsid was confirmed using a pulldown assay with CA-NC (capsid-nucleocapsid) tubes.
These results indicated that the C-terminal CC3 (coiled-coil 3) domain of BICD2, which contains the
cargo binding domain [260], is responsible for mediating the interaction with the HIV-1 capsid. Lastly,
the study showed that depletion of BICD2 led to a decrease in both the speed and the net
displacement of the HIV-1 viral core towards the nucleus, indicating that the retrograde transport

of the HIV-1 core is dependent on BICD2.
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Carnes et al. reported a systematic analysis of the interactions between the HIV-1 core and the
dynein motor complex, suggesting that the HIV-1 core engages the dynein-dynactin-BICD2 complex
for transport to the nucleus [52]. The authors performed extensive knock-down experiments of the
dynein-dynactin-BICD2 complex including BICD2, and subunits of dynein or dynactin in a cell-based
HIV-1 infection assay. Decreases in infection and nuclear import, but not reverse transcription, were
observed upon knock-down of dynein heavy chain, BICD2, or dynactin subunits. A significant
increase was observed for the percentage of non-motile HIV-1 cores upon the knock-down of dynein
heavy chain or BICD2. In addition, the average distance of retrograde transport for the viral cores
that remained motile decreased too. Using pull-down experiments with assembled CA tubes or CA-
NC tubes, the study also confirmed that BICD2 binds to HIV-1 capsid via the CC3 domain of BICD2.
Additionally, the study showed that the N-terminal CC1 (coiled-coil 1) domain also contributed to
the BICD2-capsid interaction, which is surprising since CC1 is generally recognized as the dynein-
dynactin binding domain of BICD2 [261, 262] rather than the cargo binding domain. Taken together,
the authors suggested that HIV-1 engages dynein-dynactin-BICD2 complex for the retrograde

transport of the HIV-1 core.

The results from Dharan et al. and Carnes et al. together present a model in which HIV-1 capsid
hijacks the dynein complex via the adaptor protein BICD2, forming a dynein-dynactin-BICD2-capsid
complex which facilitates the retrograde transport of HIV-1 core [74]. The first aim of this chapter is
to characterise the BICD2-capsid interaction on a molecular level, including quantitative description
of the BICD2-capsid interaction and initial dissection of the interfaces on HIV-1 capsid that are
responsible for the interaction. The second aim is to investigate whether a complex containing

dynein-dynactin-BICD2-capsid is sufficient to reconstitute capsid transport along microtubules.

4.2. BICD2 interacts with HIV-1 capsid

4.2.1. Quantitative analysis of the BICD2-capsid interaction

We used the TIRFm-based capsid binding assay, as described in Chapter 3, to quantitatively
investigate the interaction between HIV-1 capsid and BICD2. A solution containing self-assembled
HIV-1 capsids (see 2.4.1.1 A92E/A204C + K158C-AF647) was flowed into a microfluidic flow-channel
and HIV-1 capsids were captured onto the modified surface of a glass coverslip. The captured HIV-1
capsids can be visualized when excited by a 637 nm laser (Fig. 4.1.A, left) as mostly diffraction-
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limited spots as well as elongated objects, presumably corresponding to cones and short tubes,
respectively. The variation in brightness, which relates to the total number of labelled CA in each
particle, could be a result of both variation in capsid size as well as capsid clustering. A solution
containing sfGFP-mBICD2 was introduced into the flow-channel to examine whether sfGFP-mBICD2
could bind to the HIV-1 capsid. When excited using a 491 nm laser, sfGFP-mBICD2 signal was
observed to colocalize to the HIV-1 capsid spots (Fig. 4.1.A, right), demonstrating that sfGFP-mBICD2
directly binds to the HIV-1 capsid. The signal of bound sfGFP-mBICD2 rapidly reached a constant

level upon the injection of the solution.
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Fig.4.1. Quantitative analysis of BICD2-capsid interaction based on a TIRFm binding assay. A.
Representative TIRFm image of the capsid channel (left) and the BICD2 channel (right). B.
Representative equilibrium binding curve of the interaction between HIV-1 capsid and BICD2
determined by the TIRFm capsid binding assay. Each data point represents the average BICD2
dimer:CA hexamer binding ratio determined from a different field of view. C-D. Dissociation
constant (Kp) (€C) and maximum molar binding ratio (Bmax, BICD2-dimer:CA-hexamer) (D) determined
from fits of the equilibrium binding curves. Each red circle represents an individual repeat. Kp and
Bmax Were estimated to be 103 + 36 nM and 0.43 + 0.11 BICD2-dimer per CA-hexamer (mean = SD, n

=7), respectively.
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We then performed a titration assay by injecting solutions containing sfGFP-mBICD2 at a range of
concentrations into a flow-channel while sequentially imaging the signals of capsid particles and
bound sfGFP-mBICD2 after the injection of each concentration. The ratio of fluorescent intensity for
each capsid particle to the intensity of bound sfGFP-mBICD2 was calculated and converted to a
molar ratio (see 2.1.4). The concentrations of sfGFP-mBICD2 were plotted against corresponding
binding ratios to generate a binding curve (Fig. 4.1.B), which was then fitted with an equilibrium
binding model to yield an estimation of Kp and Bmax (Fig. 4.1.B). Kb and Bmax were estimated to be
103 £ 36 nM (Fig. 4.1.C) and 0.43 + 0.11 BICD2-dimer per CA-hexamer (Fig. 4.1.D), respectively,
based on 7 independent repeats. The Bmax could also be presented as 107 + 27 BICD2 dimers per
HIV-1 capsid, meaning that on average 107 + 27 BICD2 could be bound to a single HIV-1 capsid at

saturation.
4.2.2. BICD2 binds to HIV-1 capsid primarily via the R18 ring

As previously reported, the CC3 domain [52, 74], or both CC3 and CC1 domains [52], of BICD2 were
responsible for the BICD2-capsid interaction. However, the motifs on HIV-1 capsid that mediate the
interaction with BICD2 remain unknown. We investigated this question by testing whether any of
the canonical binding interfaces of HIV-1 capsid (see 1.1.3.4) are responsible for the BICD2-capsid
interaction. The amino acid sequence of BICD2, similar to FEZ1 [73], contains multiple negatively
charged aspartate and glutamate residues and several clusters of the negatively charged residues,
raising the possibility that BICD2 binds to the positively charged R18 ring of HIV-1 capsid. To
investigate this hypothesis, we compared the binding level of sfGFP-mBICD2 to HIV-1 capsid when
the R18 ring was unaffected (capsid A92E/A204C), when the charged residues of this feature were
disrupted by the mutation R18G (capsid R18G/A92E/A204C), or when the R18 ring binding pocket
was occupied by other known R18 ring binders like hexacarboxybenzene and IP6 (Fig. 4.2). Two
concentrations (500 nM and 15 nM) of sfGFP-mBICD2, which are ~5 folds higher or lower than the
Ko, were examined. The level of BICD2 bound to capsid declined, but was not abolished, when the
R18 ring was mutated (capsid R18G/A92E/A204C vs A92E/A204C). This observation was confirmed
by the competition assay; while the levels of BICD2 associated with HIV-1 capsid decreased in the
presence of an excess of hexacarboxybenzene or IP6, some binding was still detected (Fig. 4.2).
Taken together, these observations suggested that BICD2 bound to HIV-1 capsid primarily, but not

exclusively, via the R18 ring of HIV-1 capsid.
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Fig. 4.2. BICD2 binds to HIV-1 capsid primarily, but not solely, via the R18 ring of capsid. Bar chart
showing the decreased, but not abolished, binding of sfGFP-mBICD2 to HIV-1 capsid when the R18
ring was mutated (capsid R18G/A92E/A204C) or competed out by other known R18 ring binders
(hexacarboxybenzene and IP6). Two concentrations (500 nM and 15 nM) of sfGFP-mBICD2, which
are > 5 folds higher or lower than the Kp respectively, were examined and similar trends were
observed. Each bar represented a particular assay condition and dots on the bar represent different
fields of view from the TIRF binding assay. For both concentrations, the mutant condition and each
competition condition were compared to the no-treatment condition using one-way ANOVA,

Tukey’s multiple comparisons test (****, p<0.0001; *, 0.01 < p < 0.1; ns, not significant, p 2 0.05).
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4.3. Reconstitution and visualization of the DDBC complex walking along microtubules

To investigate whether reconstituted DDBC complexes were able to walk along microtubules, it was
essential to first isolate functional dynein and dynactin. As previously discussed, both dynein and
dynactin are massive protein complexes comprising multiple subunits (~1.4 and 1.2 MDa
respectively, see 1.3.1.1 and 1.3.1.2). Schlager et.al established a protocol to recombinantly
produce dynein [287], but there is currently no published method to recombinantly produce
dynactin. As such, the conventional approach for these experiments is to isolate active complexes
directly from brain tissue [334]. In short, dynein and dynactin were pulled out of brain lysate using
a Strep-tagged N-terminal truncation fragment of murine BICD2 fused with sfGFP (sfGFP-mBICD2N)
to form an active tripartite complex dynein-dynactin-mBICD2N (DDb). The DD complex (dynein-

dynactin) could be separated from the complex later (see 2.5) [262].

To confirm whether the isolated DD complex was still active, we measured the activities of DDb(pu)
and DDb(rec) using TIRFm motility assays. DDb(pu) was the DDb complex pulled out of the brain
lysate, while DDb(rec) was the DDb complex formed from sfGFP-mBICD2N and the isolated DD
complex (see 2.5, 2.6.1, and Fig. 2.5). Both DDb(pu) and DDb(rec) showed processive movement
along microtubules, as shown by the representative kymographs (Fig. 4.3.A, left for DDb(pu), right
for DDb(rec)). These results confirmed that we were able to isolate functional DDb and DD

complexes.

To fully reconstitute the dynein-dynactin-BICD2-capsid (DDBC) complex and examine its motility,
functional dynein complex was purified as described above. It was combined with full-length,
recombinant sfGFP-BICD2 and fluorescently labeled HIV-1 capsid. A representative example of
active DDBC complex walking along a microtubule is shown (Fig. 4.3.B). The sample for this image
contained 0.33 nM of AF647 labelled HIV-1 capsid (obtained from an assembly reaction containing
500 nM CA), 100 nM of sfGFP-mBICD2, and ~10 nM of isolated DD complex. The DDBC particle
moved for 8 um in 60 s as evident from the co-migration of the diffraction-limited signals in the
sfGFP-mBICD2 channel and the HIV-1 capsid (AF647 labelled) channel. In total, approximately 20
DDBC particles were observed moving along microtubules. Further optimization of the assay is
needed before a more detailed description of this motile behaviour is possible. Nevertheless, these
preliminary results are encouraging, and clearly demonstrate the feasibility of reconstituting and

visualizing the transport of the DDBC complex along microtubules. Furthermore, this data supports
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the proposed model in which interactions between the cargo adaptor BICD2 and HIV-1 capsid are

sufficient to drive the assembly of an active dynein-motor complex.

£
=L
)

GFP-BICD2

HIV-1 capsid
(AF647)

Fig. 4.3. Dynein-dependent transport of HIV-1 capsid: DDBC motility assay. A. Representative
kymographs of DDb(pu) and DDb(rec) showing that the isolated DD complex is competent to further
form active complexes. The signal represents sfGFP-BICD2N within the tripartite complex dynein-
dynactin-BICD2N. B. Successive frames at time points 0/15/30/45/60 s showing a processive DDBC
complex moving along a microtubule (blue). sfGFP-mBICD2 channel is colored in green while capsid
(AF647 labelled) channel is colored magenta. BICD2 and HIV-1 capsid co-migrated with the DDBC

complex for 8 um in 60 s. Right: corresponding kymographs.
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4.4. Discussion

The first aim of this chapter was to investigate the interaction between BICD2 and HIV-1 capsid. We
have quantitatively measured the interactions (4.2.1) and demonstrated that the R18 ring of HIV-1
capsid is part of the binding motifs responsible for the interaction (4.2.2). However, our data
suggested that BICD2 could also bind to other motifs of HIV-1 capsid apart from the R18 ring. Further
investigations are needed to identify these additional motifs, which might be other canonical
binding sites of HIV-1 capsid (CypA binding loop, FG-binding pocket, Tri-hexamer interface) or even

unexplored sites.

The second aim of this study was to test the previously proposed model that interactions between
HIV-1 capsid and BICD2 promote the assembly of an active DDBC complex. We demonstrated the
dynein-dependent transport of HIV-1 capsid along microtubules, which confirmed the DDBC model
suggested by recent studies. While it is exciting to demonstrate DDBC transport, rigorously
characterization will need more data with better quality. Potential optimizations of the DDBC
motility assay include: 1) improve the quality and increase the concentration of the DD complex
isolated from brain tissue; 2) optimize the protocol for reconstituting of the DDBC complex and 3)

optimize assay conditions of the motility assay for the DDBC complex.

While the DD complex was isolated from mouse brains (see 2.5) following an established protocol
[262], performing the quality control for the purified complex was a challenge. Firstly, activity testing
of the isolated DD complex required reconstituting the DDb(rec) or DDBC complexes for TIRFm
motility assays. Secondly, it was unclear to what extent the activity of the DDb(rec) or DDBC
complexes was affected by other factors, including the efficiency of the reconstitution and
conditions of the motility assay. We also observed that the activity of the DDb(pu) complex was
dependent on the freshness of the mouse brains. Therefore, the quality of the DD complex could
potentially be improved by freezing brains as soon as possible after sacrificing the animal in future
attempts. Another option is to scale up the protein isolation by using more brains, which would yield
the DD complex at a higher concentration, which would increase the efficiency and flexibility for the
reconstitution process downstream. Finally, we could consider recombinant methods to purify
dynein [287] and dynactin (unpublished method from Carter lab and Musacchio lab), which could

improve production compared to the conventional methods.
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Another option is to optimize the protocol for DDBC reconstitution; the protocol (see 2.6.3)
employed here was limited by the concentration of the DD complex available. A comparison of the
conditions for reconstituting the DDBC complex and the KFC complex () shows that the
concentration of BICD2 (limited by the yields from the isolation procedure) was below the Kp of
BICD2-capsid interaction (0.5-fold difference) while the concentration of FEZ1 was above the Kp of
FEZ1-capsid interaction (13-fold difference) (Table 4.1). Lastly, we can consider optimizing the buffer

condition for the DDBC motility assay.

DDBC KFC
Concentration of motor (DD complex or Kif5B) ~10 nM 250 nM
Concentration of adaptor (BICD2 or FEZ1) 50 nM 250 nM
Capsid concentration (expressed as the CA monomer) 2 uM 10 uM
Molar ratio (motor:adaptor:CA-hexamer) 1:5:33 1:1:7
Ko of the adaptor:capsid interaction 104 £ 34 nM 19+8 nM
Concentration of adaptor/Kp 0.5 13

Table 4.1. Comparison of the concentrations of components used for reconstituting the DDBC and
KFC complexes. The concentrations were chosen to maintain the molar ratio of the components
(motor: adaptor: CA-hexamer) Concentrations of the components, molar ratios among the
components, fold difference between the concentration of the adaptor (BICD2/FEZ1) and Kp of the

adaptor-capsid interaction were indicated.

These potential optimizations should improve the efficiency and reproducibility of DDBC
reconstitution to allow a systematic investigation of the behaviours of the DDBC complex. We can
then further combine both the dynein- and kinesin-dependent transport of HIV-1 capsid to start
investigating the bi-directional transport of HIV-1 capsid, thereby coming closer to reconstituting

the interplay between motors that defines the transport of HIV-1 core in vivo.
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In vitro reconstitution of kinesin-

dependent HIV-1 capsid transport
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5. In vitro reconstitution of the kinesin-dependent HIV-1 capsid transport

5.1. Introduction

After cell entry, HIV-1 virus hijacks the microtubule network and motor protein complexes to
facilitate transport to the nucleus. Multiple studies have shown that kinesin-1 is required for
successful HIV-1 infection [53, 73, 75, 150, 186, 263], which seems contradictory to the fact that
kinesin-1 conventionally transports cargoes away from the nucleus. However, early studies based
on live cell imaging demonstrated that HIV-1 virus shows bi-directional movement in the cytoplasm
during the early phase of infection, with an overall directionality toward the nucleus [51, 275],
suggesting that kinesin also contributes to the overall transport of HIV-1 core. In fact, bi-directional
cargo transport along microtubules is a common behavior of cellular organelles and vesicles [264,
335, 336] as well as viruses [337-339], because this is overall a more effective mechanism which

allows error correction and overcomes crowdedness during cytoplasmic transport.

Similar to dynein dependent cargo transport, the formation of a processive kinesin motor complex
also requires adaptor proteins. FEZ1 is a known kinesin adaptor [180-182] and has been shown to
be involved in HIV-1 infection [183, 184] before Malikov et al. first reported that FEZ1 is the adaptor
protein for the kinesin-dependent transport of the viral core [53]. This study demonstrated that
FEZ1, kinesin-1, as well as the interaction between FEZ1 and kinesin-1, were all required for HIV-1
infection and the overall retrograde transport of the HIV-1 viral core based on cellular assays. This
study provided the earliest evidence for a model that a kinesin-1, FEZ1, and HIV-1 capsid could form
a complex for the cytoplasmic transport of the HIV-1 viral core. In a later study Malikov et al. further
reported that kinesin-1 heavy chain, but not light chain, was responsible for the retrograde transport
of HIV-1 core. [186] Both reports suggest that phosphorylation of FEZ1 at residue serine 58 is
important for the formation of a kinesin-FEZ1-capsid complex, in line with previous reports that the

interaction between FEZ1 and kinesin 1 is strictly dependent on this phosphorylation [182].

Huang et al. expanded upon these results, demonstrating that FEZ1 binds to HIV-1 capsid via the
electrostatic interaction between R18 ring on capsid hexamer and negatively charged motifs on FEZ1
[73]. The authors proposed that a cluster of glutamic acid residues (aa182-186) form the primary
HIV1-capsid-binding motif on FEZ1, based on observations that truncated forms of FEZ1 that include

this region co-pellet with capsid in pull-down assays using assembled CA tubes, while truncations
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excluding this region do not. Truncated FEZ1 containing this region are observed in co-elutes with
CA hexamer but not CA assemblies resembling other canonical binding interfaces on capsid,
suggesting that FEZ1 specifically binds to the R18 ring of CA hexamer. This study provided the

earliest evidence for FEZ1-capsid interaction at a molecular level.

Taken together, these three studies proposed a model that kinesin-1 heavy chain, FEZ1, and HIV-1
capsid form a complex for the cytoplasmic transport of the HIV-1 viral core along microtubules. Out
of the three isoforms of kinesin-1 (Kif5A, Kif5B, Kif5C), Kif5B is the most relevant because it has been
reported to be involved in HIV-1 infection in multiple studies [53, 75, 150, 186]. The aim of this
chapter is to reconstitute Kif5B-FEZ1-capsid complex in vitro and examine its motility along

microtubules.
5.2. FEZ1 interacts with HIV-1 capsid
5.2.1. Quantitative analysis of the FEZ1-capsid interaction

We used the TIRFm-based capsid binding assay, similar to the capsid binding assay of BICD2 as
described in Chapter 4, to quantitatively investigate the interaction between HIV-1 capsid and FEZ1.
Immobilized HIV-1 capsid (see 2.4.1.1 A92E/A204C + K158C-AF647) was imaged using a 639 nm laser
(Fig. 5.1.A, left) while sfGFP-FEZ1 was imaged using a 491 nm laser (Fig. 5.1.A, right). The
colocalization between capsid and FEZ1 demonstrated that FEZ1 binds directly to HIV-1 capsid. We
then performed and analyzed the titration binding assay to generate a Kp curve from which affinity
and stoichiometry were calculated (Fig. 5.1.B). Ko (19 + 4 nM (Fig. 5.1.C)) and Bmax (0.38 £ 0.06 FEZ1
per CA-hexamer (Fig. 5.1.D)) were calculated from only 2 repeats. We also performed binding assays
between sfGFP-FEZ1 and HIV-1 capsid assembled from CA A204C (Fig. 5.1.E-G), providing a value
for Kp (70 £ 28 nM (Fig. 5.1.F)) and Bmax (0.75% 0.15 FEZ1 per CA-hexamer (Fig. 5.1.G)), which were
~4—fold and 2—fold higher, respectively, than the values determined for CA A92E/A204C capsids.
While capsid assembled from CA A204C or CA A92E/A204C showed differences in affinity and
stoichiometry (Fig. 8.3), both binding assays clearly demonstrated that full-length sfGFP-FEZ1
directly binds to the cross-linked CA lattice with a higher affinity but lower stoichiometry than
determined for the interaction between the minimal capsid-binding region of FEZ1 (residues 178-

188) and cross-linked CA hexamers (Kp 190 + 40 nM and Bnax 1 + 0.2 FEZ1 per CA-hexamer [73]). This
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Fig. 5.1. Quantitative analysis of FEZ1-capsid interaction based on a TIRFm binding assay. A-D.
Binding assays between sfGFP-FEZ1 and HIV-1 capsid assembly with CA A92E/A204C. A.
Representative TIRFm image of capsid channel (left) and FEZ1 channel (right). B. Representative
equilibrium binding curve of the interaction between HIV-1 capsid and FEZ1 determined by the
TIRFm capsid binding assay. Various concentrations of sfGFP-FEZ1 (I2-fold dilution series, 1.6—-400
nM) C-D. Dissociation constant (Kp) (C) and maximum molar binding ratio (Bmax, FEZ1:CA-hexamer)
(D) determined from fits of equilibrium binding curves. Each red circle represents an individual
repeat. Kp and Bmax were calculated to be 19 + 4 nM and 0.38 + 0.06 FEZ1 per CA-hexamer (mean *
SD, n = 2), respectively. Bmax corresponds to 95 + 15 FEZ1 per capsid E-G. Summary of binding assay
between sfGFP-FEZ1 and HIV-1 capsid assembled with CA A204C.
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difference is consistent with the proposed multivalent interaction between negatively charged

regions of full-length FEZ1 and the R18 pores of multiple hexamers of the capsid [73].
5.2.2. FEZ1 binds to HIV-1 capsid primarily via the R18 ring

As previously reported, FEZ1 binds to the R18 ring of HIV-1 hexamer [73]. We confirmed this result
based on the observation that FEZ1 binding to HIV-1 capsid decreased in the presence of excessive
hexacarboxybenzene, a known R18 ring binder (Fig. 5.2). However, we noticed that FEZ1 binding
was not abolished even in presence of excessive HCB competition, as shown in the bar chart (Fig.
5.2.A) and illustrative TIRFm images (Fig. 5.2.B). These observations implied that, similar to BICD2,
FEZ1 binds to HIV-1 capsid primarily, but not exclusively, via the R18 ring of HIV-1 capsid. Due to
background binding issues in subsequent experiments, we were unable to generate more data to
confirm these observations by either competition or mutation of R18 ring in the FEZ1-capsid TIRFm

binding assay.

A B 400nM FEZ1 + +
0'8_ hkkk EE L 50 uM HCB _ v +
= =
2 0.6
© Capsid channel
2
< 0.4 ==
)
=
N 0.2
] =10l
0.0 T T T T FEZ1 channel
50 uM HCB - + - +
sfGFP-mFEZ1 (nM) 100 400

Capsid A204C

Fig. 5.2. FEZ1 binds to HIV-1 capsid primarily, but not exclusively, via the R18 ring. A. Bar chart
showing the decreased, level of sfGFP-FEZ1 binding to HIV-1 capsid when the R18 ring was occupied
by the known R18 ring binder hexacarboxybenzene (HCB). Each bar represented a particular assay
condition and dots on the bar represent different fields of interest from the assay condition (****,
p<0.0001; one-way ANOVA, Tukey’s multiple comparisons test). B. lllustrative TIRFm images
showing FEZ1-capsid interaction in the absence (left) and presence (right) of excessive HCB
competition. In comparison, the level of FEZ1 binding largely decreased while residual binding could

still be observed (yellow arrows).
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5.3. Reconstitution and visualization of the KFC complex walking along microtubules

To reconstitute the KFC (Kif5B-FEZ1-capsid) complex, we combined Kif5B, FEZ1, and pre-assembled
HIV-1 capsid as a mixture in buffer M (see 2.1.5). The mixture was subsequently examined in motility
assays to investigate whether the reconstituted KFC complexes were able to walk along
microtubules. Given that a KFC complex is comprised of 3 components (Kif5B, FEZ1, and capsid), two
considerations immediately came to mind. First, what are the optimal set of concentrations and
molar ratios of the individual components to efficiently reconstitute the KFC complex? Second,
because fluorescent microtubules occupy one channel out of the three-color TRIFm system only two
channels remain available. Which component(s) of the KFC complex should be fluorescent -i.e, what

color combinations of KFC should we examine?

We first examined this question using a KFC combination made up of dark Kif5B, sfGFP-FEZ1 and
AF647 labelled HIV-1 capsid (see 5.3.1). We initially focused on this permutation because we had
previously demonstrated the interaction between sfGFP-FEZ1 and AF647 labelled HIV-1 capsid (see
5.2). After successfully demonstrating the motility of this KFC combination, we subsequently
investigated other KFC combinations to better understand the properties of the KFC complex (see

5.3.1-5.3.2).

To find an optimal condition, we tested the KFC reconstitution at various concentrations and molar
ratios of the components while evaluating the frequency of KFC walking events (data not shown).
Table 5.1 describes the condition that yielded the best results; the KFC complex was reconstituted
at high concentrations of the components (250 nM Kif5B, 250 nM FEZ1, and pre-assembled HIV-1
capsid containing 10 uM of CA monomer) for 3 h and the sample was then diluted and added to
surface-bound microtubules on a microscope coverslip for image acquisition in the motility assay.
In this mixture, the molar ratio of Kif5B:FEZ1:CA-hexamer was 1:1:6.7. Compared to the calculated
Ko and Bmax between FEZ1 and HIV-1 capsid (19 £ 4 nM and 1 FEZ1 per 2-3 hexamers, see 5.2), the
concentrations of the components were above the Kp of the FEZ1-capsid interaction but FEZ1 was
substoichiometric relative to the number of binding sites on the capsid. The sample was diluted 100-
fold to 1000-fold before image acquisition to achieve a sufficiently low surface density of complexes
that allows for the imaging of single motor complexes. This sample preparation approach was used

for all the KFC combinations examined in following sections (see 5.3.1-5.3.2).
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Capsid
[Kif5B-dimer]/nM [FEZ1]/nM [Capsid
[CA]/uM
particle]/nM
Sample (KFC) 250 250 10 6.7
1:100 dilution 2.5 2.5 0.1 6.7E-02
1:250 dilution 1 1 0.04 2.7E-02
1:500 dilution 0.5 0.5 0.02 1.3E-02
1:1000 dilution 0.25 0.25 0.01 6.7E-03

Table 5.1. Sample preparation for KFC complex reconstitution and KFC motility assay. 250 nM
Kif5B, 250 nM FEZ1, and pre-assembled HIV-1 capsid containing 10 uM of CA monomer were mixed
and incubated in the motility buffer (see 2.1.5) for the formation of the KFC complex. The sample
was diluted 100-fold to 1000-fold prior image acquisition for the KFC motility assay and the
theoretical concentrations of the components were specified. In most cases, the motility assays
were performed using samples at 500-fold or 1000-fold dilution to avoid overcrowding of particles
on the surface. The KFC complexes were apparently sufficiently long-lived such that intact

complexes were observed to bind to microtubules after dilution.

5.3.1. Reconstitution of KFC motility

We first examined the KFC combination comprising dark Kif5B, sfGFP-FEZ1 and AF647-labelled HIV-
1 capsid. Selected frames from a TIRF movie of KFC particles walking along microtubules are shown
in Fig. 5.3.A. There were two KFC particles that showed almost overlapping trajectories in the movie
while their movements were only distinguishable at certain time points (e.g., time points 60 and 80
second). One of the KFC particles contained a brighter capsid signal (time points 60 s and 80 s),
consistent with a larger capsid (or aggregate of more than one capsid). The KFC particle with the
brighter capsid walked for around 10 um in 73 s (8—81 s) with a pause of 12 s (62—74 s, top white
arrow in the kymograph) in middle of the run. The KFC particle with the dimmer capsid walked for
around 11 umin 103 s (1-104 s) with a pause of 6 s (78—-84 s, bottom white arrow in the kymograph)
in middle of the run. Both particles reached the end of the microtubule before the movie ended and

still stayed associated with the microtubule when the movie ended, with FEZ1 and HIV-1 capsid
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exhibited clear co-migration. (Fig. 5.3.A). Motile behavior made up of both walking and pause

phases was frequently observed for processive KFC particles.
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Fig. 5.3. Kinesin (Kif5B)-dependent transport of HIV-1 capsid: KFC combination with dark Kif5B,
sfGFP-FEZ1 and AF647-labelled HIV-1 capsid. A. Movie frames showing two processive KFC particles
moving along a microtubule (blue). The sfGFP-FEZ1 channel is colored in green while the capsid
channel is colored in magenta. The two walking particles mostly co-migrated and were only
distinguishable at certain time points (e.g., 60 s and 80 s). Right: Corresponding kymograph of the
KFC particles. B-D. Statistical analysis of the speed (B), run length (C), and landing rate (D) of the

processive KFC particles based on 305 processive KFC particles from 9 image stacks.

To detect and analyze all the processive KFC particles in an image stack, we established a semi-
automated approach (see 2.1.7 and 8.4) which employed Trackmate, an Image J single particle

tracking plugin [326], to generate trajectories for all motile capsid particles based on user-defined
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parameters and manual filtering. The trajectories of particle positions (X-Y coordinates) generated
in Trackmate were then further analysed using a home-written MATLAB script to detect walking and
pausing phases and calculate average speed, run length, and landing rate of moving KFC particles.
The average speed was calculated to be 77 £ 34 nm/s (mean + SD) based on a histogram analysis
with a Gaussian fit (Fig. 5.3.B). Run length (1) was calculated to be 1.8 um based on a cumulative
frequency distribution analysis followed by a one-phase exponential decay fit (Fig. 5.3.C). Both
average speed and run length were calculated based on 305 processive KFC particles from 9 image
stacks. For each independent image stack, the landing rate was calculated by dividing the total
number of processive KFC particles against the total length of microtubules, time, and concentration
of Kif5B. Based on the 9 image stacks, landing rate was calculated to be 0.342 + 0.112
particles/um/s/uM (Fig. 5.3.D). Preliminary data suggested that no processive KFC particles could
be detected when any of the components (Kif5B, FEZ1, capsid) were excluded during the KFC
reconstitution (data not shown), suggesting that Kif5B-FEZ1-capsid serves as the minimum

requirement for the formation of a processive KFC complex.

To test whether the GFP tag of FEZ1 affected motility, we examined two additional KFC
combinations comprising dark Kif5B, dark FEZ1, and HIV-1 capsid labelled with either AF647 (Fig.
5.4.A-D, 943 processive KFC particles from 9 image stacks) or AF488 (Fig. 5.4.E-H, 975 processive
KFC particles from 16 image stacks). The average speed (AF647: 80 £ 37 nm/s; AF488: 71 +47 nm/s),
run length (AF647: 2 um; AF488: 1.8 um), and landing rate (AF647: 0.578 + 0.474 particles/um/s/uM;
AF488:0.288 + 0.188 particles/um/s/uM) were essentially the same as for the KFC combination with
sfGFP-tagged FEZ1 examined above (Fig. 5.3.B-D), indicating that neither the GFP tag of FEZ1 nor
the different fluorescent labels (AF647 vs AF488) of HIV-1 capsid introduced artefacts to the KFC
motility assay. A detailed comparison among different KFC combinations is discussed in a later

section (see 5.3.3).

Finally, we reconstituted a KFC combination containing fluorescence labels on capsid and Kif5B to
directly observe the co-migration of Kif5B and HIV-1 capsid. To prepare fluorescent Kif5B, we labeled
KifSB either via lysine residues using an ATTO 643 NHS-ester dye or via cysteine residues using an
Alexa Fluor 647 C2 maleimide dye. Both versions of fluorescent Kif5B performed similarly in the KFC

motility assays (data not shown). We then examined the KFC combination comprising AF647-
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Fig. 5.4. KFC motility assays of additional KFC combinations. A-D. Representative frames and
kymograph (A), average speed (B), run length (C) and landing rate (D) of the KFC combination
comprising dark Kif5B, dark FEZ1 and AF647-labelled HIV-1 capsid. In total, 943 processive KFC
particles from 9 image stacks were analyzed. E-H. Representative frames and kymograph (E),
average speed (F), run length (G) and landing rate (H) of the KFC combination comprising dark Kif5B,
dark FEZ1 and AF488-labelled HIV-1 capsid. In total, 975 processive KFC particles from 16 image
stacks were analyzed. I-L. Representative frames and kymograph (1), average speed (J), run length
(K) and landing rate (L) of the KFC combination comprising AF647-labelled Kif5B, dark FEZ1 and
AF488-labelled HIV-1 capsid. In total, 64 processive KFC particles from 8 image stacks were analyzed.
In the representative images (A, E, 1), the microtubule channel is shown in blue while the color of
capsid channel and Kif5B (if applicable) are indicated by the colors of the corresponding text next to

the kymographs.

labelled Kif5B (labelled via cysteines), dark FEZ1 and AF488-labelled HIV-1 capsid in more detail (Fig.
5.4.1-L). Selected frames from an example image stack of a KFC particle walking along a microtubule
is shown in Fig. 5.4.1 with white arrows indicating the positions of the KFC particle, demonstrating a
clear co-migration of Kif5B and HIV-1 capsid. This KFC particle contained ~ 25 Kif5B dimers and a
HIV-1 capsid with ~ 400 CA molecules as quantified by normalizing the particle intensity against
single-molecule intensities of Kif5B and CA, respectively. This observation suggests that a single
capsid (cargo) can recruit multiple motors, as expected for the multiple binding sites on the CA
lattice, whereby not all of the associated Kif5B molecules would engage with the microtubule at the
same time. The average speed, run length, and landing rate (Fig. 5.4.J-K) were calculated based on
only 64 processive KFC particles from 7 image stacks. Whilst the average speed of KFC complexes
with labelled (90 + 48 nm/s) and dark Kif5B (71 + 47 nm/s) were similar, we noticed a >10-fold
decrease in landing rate (0.018 + 0.021 particles/um/s/uM versus 0.282 + 0.188 particles/um/s/uM).
The decrease in landing rate suggested that AF647-labelled Kif5B was attenuated in forming
processive KFC complexes. One possible explanation was that the modifications of certain cysteine
residues affected the structure of Kif5B, thereby disrupting its ability to form active complexes. We
did not further investigate the fluorescently labelled Kif5B because of this defect. However, the

observation that we can directly detect capsids walking along microtubules in conjunction with
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kinesin is nevertheless an important result which confirms that a processive KFC complex is indeed
formed and all the components (Kif5B, FEZ1, capsid) co-migrate to contribute to the processivity of

the KFC complex.
5.3.2. The R18 ring of HIV-1 capsid is required to form a processive KFC complex

We previously showed that FEZ1 interacts with the HIV-1 capsid primarily, but not exclusively, via
the R18 ring of HIV-1 capsid (see 5.2.2). Having successfully demonstrated the motility of the KFC
complex, we asked whether the residual level of FEZ1-capsid interaction would be sufficient to
promote the formation a processive KFC complex. To investigate this question, we reconstituted
KFC complexes with HIV-1 capsid bearing the R18G mutation (capsid assembled from CA
R18G/A92E/A204C, see 2.2.4.1). We examined the following three KFC combinations: 1) dark Kif5B,
dark FEZ1, with AF488-labelled HIV-1 capsid-R18G (Fig.5.5.A-D); 2) dark Kif5B, dark FEZ1, with
AF647-labelled HIV-1 capsid-R18G (Fig.5.5.E-H); 3) dark Kif5B, sfGFP-FEZ1, with AF647-labelled HIV-
1 capsid-R18G (Fig.5.5.I-L).

In all three combinations, capsids bearing the R18G mutation strongly reduced the efficiency of
forming a processive complex. For example, only 68 processive particles out of 7 image stacks were
observed for the KFC combination comprising dark Kif5B, dark FEZ1 and AF488-labelled HIV-1
capsids with R18G mutation (Fig 5.5.A-D). This was reflected in a ~20-fold reduction in the landing
rate compared to wild type capsids. We further observed a modest (2—3-fold) reduction in run
length, suggesting that these complexes might be less stable. However, the average speed was
essentially the same for KFC complexes formed with R18G or wild type capsids. These observations
indicate that a processive KFC particle containing HIV-1 capsid with R18G is less likely to form,
although it could still walk along microtubule at an unaffected speed once it is formed. Similar trends
were observed when comparing the other two KFC combinations with their corresponding KFC
combinations containing HIV-1 capsid bearing wild-type R18 ring (Fig. 5.5.E-H and Fig. 5.5.I-L). A

detailed comparison among different KFC combinations is discussed below.
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Fig. 5.5. KFC motility assays of KFC combinations containing HIV-1 capsid lacking the R18 ring. A-
D. Representative frames and kymograph (A), average speed (B), run length (C) and landing rate (D)
of the KFC combination comprising dark Kif5B, dark FEZ1 and AF488-labelled HIV-1 capsid-R18G. In
total, 68 processive KFC particles from 7 image stacks were analyzed. E-H. Representative frames
and kymograph (E), average speed (F), run length (G) and landing rate (H) of the KFC combination
comprising dark Kif5B, dark FEZ1 and AF647 labelled HIV-1 capsid-R18G. In total, only 68 processive
KFC particles from 9 image stacks were analyzed. I-L. Representative frames and kymograph (l),
average speed (B), run length (K) and landing rate (L) of the KFC combination comprising dark Kif5B,
sfGFP-FEZ1 and AF488-labelled HIV-1 capsid-R18G. In total, only 16 processive KFC particles from 4
image stacks were analyzed. In the representative images (A, E, 1), the microtubule channel is shown
in blue while the color of capsid channel and Kif5B (if applicable) are indicated by the colors of the

corresponding text next to the kymographs.

5.3.3. Effects of fluorescent labels and the CA R18G mutation on motility parameters

This section summarizes the average speed, run length, and landing rate of KFC complexes with the
different compositions examined in this thesis (Table 5.2). This analysis is then extended to a
comparison of the following three groups obtained by combining data from complexes with similar
composition: (1) dark Kif5B + FEZ1 (GFP label or dark) + wild type capsid (AF488 or AF647 label); (2)
AF647-labelled Kif5B + dark FEZ1 + wild type capsid (AF488 label); (3) dark Kif5B + FEZ1 (GFP label
or dark) + R18G capsid (AF488 or AF647 label).

Abbreviation (combined
KFC combination Abbreviation
experiments)

Dark Kif5B + sfGFP-FEZ1 + AF647-
K-dark_F-gfp_C-647
labelled capsid (5.3.1)

Dark Kif5B + dark FEZ1 + AF647-
K-dark_F-dark_C-647 K-dark F _C
labelled capsid (5.3.1) K-dark_F-

Dark Kif5B + dark FEZ1 + AF488- dark_C
K-dark_F-dark_C-488
labelled capsid (5.3.1)
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AF647 labelled Kif5B + dark FEZ1
+ AF488-labelled capsid (5.3.1)

K-647_F-dark_C-488 K-647_F _C

Dark Kif5B + dark FEZ1 + AF488- | K-dark F-dark C-r18g-
labelled capsid R18G (5.3.2) 488 K-dark_F-

Dark Kif5B + dark FEZ1 + AF647- | K-dark_F-dark_C-r18g- | dark_C-r18g
labelled capsid R18G (5.3.2) 647

K-dark_F _C-
ri8g

Dark Kif5B + sfGFP-FEZ1 + AF647- | K-dark_F-gfp_C-r18g-
labelled capsid R18G (5.3.2) 647

Table 5.2. Summary of the KFC combinations examined in sections 5.3.1-5.3.2.

A

Average speed (nm/s)

Average speed (nm/s)

600
500
400
300+
200+

100+

K-dark_F-dark_C-488 (91 £ 55 nm/s); n=975, N=16
K-dark_F-dark_C-647 (108 £ 67 nm/s); n=943, N=9
K-dark_F-gfp_C-647 (93 + 51 nm/s); n=305, N=9
K-647_F-dark_C (108 + 59 nm/s); n=64, N=7
K-dark_F-dark_C-r18g-488 (120 + 86 nm/s); n=68, N=7
: ¥ : K-dark_F-dark C-r18g-647 (70 £ 40 nm/s); n=68, N=9
R K-dark_F-gfp_C-r18g-647 (115 + 103 nm/s); n=16, N=4

600
500
400+
300
200

100+

KFC combination

ns ns

K-dark_F_C (98 + 60 nm/s); n=2223, N=34
K-647_F_C (108 + 59 nm/s); n=64, N=7

K-dark_F_C-r18g (97 £ 75 nm/s); n=152, N=20

KFC combination
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Fig. 5.6. Average speed comparison of the KFC combinations. Legend entries from top to bottom
correspond to the data sets from left to right. Legend indicates the KFC combination and its average
speed (mean  SD). “n” and “N” represents number of KFC particles and number of independent
image stacks for the analysis. Each dot in the bar represents a KFC particle. Different groups were
tested by One-way ANOVA, Tukey’s multiple comparisons. A. Comparison of average speed of all
the KFC combinations examined in sections 5.3.1-5.3.2. B. Comparison after combining the data

from complexes with similar composition (ns, not significant, p>0.05).

The average speed of all complexes with different compositions were within less than a factor of 2
of each other (Fig. 5.6.A), and there were no statistically significant differences between the three
groups (Fig. 5.6.B). These data suggest that neither the GFP tag on FEZ1, the type of fluorescent
labelling of capsid, the fluorescent labelling of Kif5B, nor the R18G mutation on HIV-1 capsid affected

the speed of a processive KFC complex once it is formed.

We next compared run lengths of the different KFC complexes. Neither the GFP tag on FEZ1 nor the
different fluorescent labelling of capsid affected the run length of KFC particles (Fig. 5.7, C vs B vs
A). In contrast, KFC combinations containing the R18G mutant showed shorter run lengths
compared to similar KFC combinations containing capsid with a wild-type R18 ring (Fig. 5.7, D vs A,
E vs B, F vs C). This difference is also apparent when we combine the data sets of the complexes
with wild type capsid (Fig. 5.7.H) or R18G capsid (Fig. 5.7.1). Finally, the KFC combination containing
AF647 labelled Kif5B showed shorter (by ~20%) run length compared to complexes containing dark
Kif5B (Fig. 5.7, G vs A), suggesting that the fluorescent labelling of Kif5B might inhibit the processivity
of KFC complexes. However, more data of this KFC complex with labelled Kif5B (K-647_F-dark_C-
488, Fig. 5.7.G, 64 particles) is needed for a more robust comparison. Overall, we conclude that: (1)
neither the GFP tag on FEZ1 nor the different fluorescent labelling of capsid introduced noticeable
artefacts to the processivity of the KFC complexes; (2) the R18 ring on HIV-1 capsid is an important
feature for the processivity of KFC complexes; (3) fluorescent labelling of Kif5B at random cysteine

residues might lead to a mild inhibition of the KFC complex processivity.
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Fig. 5.7. Run length comparison of the KFC combinations. Each panel represents the run length

distribution of the corresponding KFC complex as indicated. Run length (t, decay constant) and R?

are shown. “n” and “N” represents the number of KFC particles and the number of independent

image stacks, respectively. Data from A-C were combined to yield the distribution in H, D-F were

combined to yield the distribution in .

Finally, we compared landing rates of the different KFC complexes to determine whether their

composition would affect the probability of forming functional (processive) complexes. Neither the

GFP tag on FEZ1 nor the difference in the fluorescent labelling of capsid affected the landing rate of

processive KFC particles (Fig. 5.8.A). In contrast, KFC complexes containing R18G capsids exhibited
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a decreased landing rate compared to similar KFC combinations containing capsid with wild-type
R18 ring (Fig. 5.8.A, red data sets vs black data sets). Overall, the landing rate decreased by ~27-fold
when comparing combined data sets of wild type or R18G capsids (Fig. 5.8.B). Similarly, the KFC
complex containing AF647-labelled Kif5B showed >20 folds lower landing rate compared to similar
KFC complexes containing dark Kif5B (Fig. 5.8.A, K-647_F-dark_C-488 vs K-dark_F-dark_C-488),
suggesting that the fluorescent labelling of Kif5B affected the formation of processive KFC
complexes, e.g., because of the reduced motor-adaptor/cargo interaction, and/or inactivation of

the motor, and/or motor aggregation as a result of modification of functionally important cysteine

residues.
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Fig. 5.8. Landing rate comparison of the KFC combinations. Legend entries from top to bottom
correspond to the data sets from left to right. Legend indicates the KFC complex composition and
corresponding landing rate (mean + SD). “N” represents the number of independent image stacks
for the analysis. Different groups were tested by One-way ANOVA with Tukey’s multiple
comparisons. A. Landing rate comparison of all the KFC combinations examined in sections 5.3.1-
5.3.2 (see Table 8.1 for statistical tests). B. Landing rate comparison of the combined data for KFC

complexes.
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Taken together, this analysis leads to the following conclusions. First, neither the GFP tag on FEZ1
nor the fluorescent labelling of capsid introduced artefacts in the KFC motility assay. This ability to
label different components allows for flexibility in experimental design. In contrast, labelling of Kif5B
with reactive derivatives of fluorophores, can lead to inactivation and/or interfere with complex
formation as reflected by significantly lower landing rate. Second, disruption of the R18 ring leads
to major defects in the formation of processive KFC complexes, as evidenced by a significantly lower
landing rate and shorter run length. This is consistent with the observation that the R18 ring is
required for FEZ1-capsid interaction. Finally, whilst certain features (e.g., R18G mutation of HIV-1
capsid or fluorescent labelling of Kif5B) reduce the efficiency of forming processive KFC complexes,

they do not affect the speed of the KFC complex once it is formed.
5.4. HIV-1 capsid is a passenger of the Kif5B-FEZ1 complex

While analyzing the KFC complexes comprising dark Kif5B, sfGFP-FEZ1 and AF647-labelled HIV-1
capsid, we noticed a population of processive particles that showed fluorescent signal only in the
FEZ1 channel but not in the capsid channel. Potential explanations include: 1) The self-assembled
HIV-1 capsids within these KFC particles incorporated too little labelled CA such that their
fluorescence signals were too dim to be detected under our experimental conditions; 2) HIV-1
capsids dissociated from KFC particles but the remaining KF particles remained processive; 3) Kif5B

and FEZ1 were sufficient to form a processive complex (KF complex) without needing a cargo.

5.4.1. Kif5B and FEZ1 can form a processive KF complex without a cargo

[Dark Kif5B-dimer]/nM

[sfGFP-FEZ1]/nM

Sample (KF) 250 250
1in100_dilution 2.5 2.5
1in250_dilution 1 1
1in500_dilution | 0.5 0.5
1in1000_dilution | 0.25 0.25
1in2000_dilution | 0.0125 0.0125

Table 5.3. Sample preparation for KF complex reconstitution and KF motility assay. 250 nM Kif5B
and 250 nM FEZ1 were mixed and incubated in the motility buffer (see 2.1.5) for the formation of

KF complex. The sample was diluted 100-fold to 2000-fold prior to addition to the coverslip with
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immobilized microtubules. The motility assays were typically performed using samples at 500-fold
to 2000-fold dilution to obtain a sufficiently low particle density on the surface to facilitate tracking

of single particles on microtubules.

To investigate whether processive KF complexes could form in the absence of capsids, we incubated
dark Kif5B dimers and sfGFP-FEZ1 in a 1:1 molar ratio (Table 5.3) and analysed the resulting
complexes in the TIRF motility assay by tracking the movement of GFP-positive particles on
microtubules. Fig. 5.9.A shows an example set of successive frames showing two KF particles
(indicated by white and yellow arrows) walking along microtubules and the corresponding

kymographs. The dim KF particle (white arrow) remained stationary on the microtubule for 10s,
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Fig. 5.9. Kif5B and FEZ1 can form a processive KF complex. A. Movie frames showing two processive
KF particles (white arrows indicate a dim KF particle, yellow arrows indicate a bright KF particle)
moving along microtubules. The two KF particles contained ~ 1 and 9 FEZ1 molecules, respectively.
B-E. Distribution of the number of FEZ1 molecules per particle (1.7 £ 0.9 FEZ1/particle; mean + SD),
average speed (86 + 46 nm/s; mean £ SD), run length (1.1 um, 1, decay constant), and landing rate
(1.086 £ 0.321 particles/um/s/uM) of processive KF particles (643 particles from 3 image stacks were
analyzed).
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then walked for 1 um during the next 7 s and finally pauses again for 13 s before the FEZ1 signal was
no longer detectable. The bright KF particle (yellow arrow) landed on the microtubule at the 52 s
time point and walked continuously for 6.1 um during the final 69 s of the movie. Next, we calculated
the number of FEZ1 molecules per KF particle by dividing the FEZ1 intensity of each processive GFP-
positive spot by the single molecule intensity of FEZ1 determined by photobleaching. Most KF
particles contained 1-2 FEZ1 molecules (average of 1.7 £ 0.9, mean % SD, Fig. 5.9.B), but the tail of
the distribution contained particles with up to ~10 FEZ1 molecules, possibly due to aggregation (of
either FEZ1 and/or Kif5B). The average speed, run length, and landing rate of processive KFC
particles were calculated to be 86 + 46 nm/s (mean * SD), 1.1 um, and 1.086 + 0.321

particles/um/s/uM respectively (Fig. 5.9.C-E).
5.4.2. Comparison between KF and KFC complexes

The observation that Kif5B and FEZ1 form a processive complex in the absence HIV-1 capsid, calls
into question the generally accepted model that the kinesin motors require cargo binding to actively
walk along microtubules. In other words, does the HIV-1 capsid play a role in activating the KFC
complex or is it just a passenger on an already active motor complex? To investigate this, we
measured the average speed, run length and landing rate between KF (dark Kif5B + sfGFP-FEZ1) and
KFC (dark Kif5B + sfGFP-FEZ1 + AF647 labelled HIV-1 capsid) complexes reconstituted under
otherwise identical conditions to determine whether the capsid affected the motile behaviors of the

KFC complexes.

The average speed of both complexes was indistinguishable (Fig. 5.10.A), suggesting that capsid
neither accelerated nor slowed down the complex. The run length of KFC particles was ~1.4-fold
higher than that of KF particles (Fig. 5.10.B, 1.1 um vs 1.5 um), suggesting that capsid might lead to
a modest increase of the complex processivity. KFC particles contained a larger number of FEZ1
molecules than KF particles, as expected for the large number of FEZ1 binding sites on the capsid
(~100 FEZ1 molecules at saturation, see Fig. 5.1.D). Each FEZ1 molecule bound to the capsid could
in principle recruit a Kif5B motor, whereby the presence of multiple motors might lead to the
observed increase in processivity of the KFC complex. Finally, we observed more processive events
in KF samples compared to KFC samples, as seen from the 2—3-fold higher landing rate (Fig. 5.10.C).
It should be noted that this increase might simply be a reflection of the higher concentration of KF

complexes compared to KFC complexes given that the latter contained 2—3 times more FEZ1
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molecules per complex than the former.
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Fig. 5.10. Comparison of KF and KFC motile behaviors. 643 KF particles from 3 image stacks and 220
KFC particles from 3 image stacks were analyzed. The data for the KF complex is the same as in Fig
5.9. A-C. Distribution of average speed (A), run length (B) and number of FEZ1 molecules per particle
(C) for KF (top) and KFC (bottom) complexes. D-E. Comparison of the landing rate (D) and the
number of FEZ1 molecules per particle (E, same data as in panel C) using unpaired T tests (****, p
<0.0001; *, 0.01 < p <0.05). “N” and “n” represent the number of image stacks and processive

particles analyzed, respectively.

Taken together, we conclude that HIV-1 capsid does not increase the average speed or the landing
rate of a processive Kif5B-conatining complexes but may slightly increase the run length, possibly

due to binding of multiple motors. These results indicate that the HIV-1 capsid does not play an
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important role in activating the kinesin motor. This was surprising since the binding of cargo to
kinesin via adaptors is typically believed to be necessary to release the autoinhibition of kinesin [284,
309, 310, 340], although there are reports about the activation of kinesin by adaptors only [181, 341,
342].

5.5. Discussion

The first aim of this chapter was to investigate the interaction between full-length FEZ1 and HIV-1
capsids formed by self-assembly of CA bearing the A204C substitution for disulfide cross-linking at
the trimer interface. We observed a slight increase in affinity (~¥3-15-fold lower KD) and 3-15-fold
decrease in the FEZ1:hexamer stoichiometry compared to the previously charaterized interaction
between FEZ1 truncations and cross-linked HIV-1 CA hexamers [73] (Table 5.4). This observation is
consistent with the proposed model in which FEZ1 binds to a hexameric subunit of the capsid via its
minimal binding motif (aa 178-188) but makes additional weak interactions with neighboring CA
hexamers via other stretches of negatively charged residues located in the unstructured regions of
FEZ1 [73]. In addition, we confirmed that FEZ1 directly binds to the R18 ring at the center of HIV-1
CA hexamer (5.2.1), in line with the previous study [73]. However, residual binding of FEZ1 was still
detected in presence of the competitive binding inhibitor hexacarboxybenzene (5.2.2). Similarly,
capsids assembled with CA R18G showed residual formation of processive KFC complexes in motility
assays (5.3.2). These observations suggest that additional FEZ1 binding sites might be present on

the capsid; further studies are needed to identify these interfaces.

Bmax (FEZ1/CA
Method FEZ1 CA assembly Ko (nM)
hexamer)
cone
194 0.38 £+ 0.06
(A92E/A204C)
TIRF microscopy Full length
cone
70 £ 28 0.75+0.15
(A204C)
Isothermal titration aa 92-198 hexamer 300 + 60 1.310.1

calorimetry [73] aa 178-188 (A14C/EA5C/W184A/M185A) | 190 + 40 1.0+£0.2

Table 5.4. Quantifications of the FEZ1-capsid interaction compared to literature. Measurements

in our assay (grey rows) compared to previous report [73].
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The second aim of this chapter was to reconstitute the KFC complex in vitro for TIRF imaging of its
movement on surface-immobilized microtubules in real time. We have successfully demonstrated
this process and measured parameters of the KFC complex motility including average speed, run
length, and landing rate (5.3). We also demonstrated that the R18 ring of HIV-1 capsid facilitated
assembly of a processive KFC complex (5.3.2). Overall, our observations provide strong evidence
that the recruitment of FEZ1 and Kif5B by HIV-1 capsid serves as the minimum requirement for the
kinesin-dependent transport of HIV-1 capsid, whereby the capsid is primarily a passenger rather
than an activator of this machinery (5.4). Below we discuss these findings and potential limitations

of our assays in more detail.

First, the average speed of the KFC complex calculated in our assay (~¥100 nm/s, Fig. 5.6.B) was
significantly slower than the conventionally reported speed of kinesin-1 (~400-1000 nm/s) either in
vitro [181, 343-345] or in vivo [344, 346, 347]. However, these comparisons are not straightforward
due to the major differences in the experimental designs. In our assay, we use Kif5B, a full-length
kinesin-1 heavy chain (KHC), which requires adaptor and cargo binding to release auto-inhibition,
together with FEZ1 and capsid to reconstitute the motility of the KFC complex. The measurements
from the existing in vitro studies are based on truncated, constitutively active forms of KHC. The
measurements from the existing in vivo studies, on the other hand, are complicated by the presence
of KLC (Kinesin-1 heavy chain) and other potential kinesin regulators. A recent study reported the in
vitro reconstitution of mitochondria transport along microtubule at a speed of ~250 nm/s [341]. This
study provides the first description of kinesin dependent transport of physiological cargo in vitro;
however, the complex is transported by a truncated rather than a full length KHC. While assay
conditions (e.g., temperature, pH, ionic strength) might also play roles in the slow speed of the KFC
complex in our assay, we speculate the slow speed might represent the nature of the complex.
Supporting evidence come from an early single-molecule study, which demonstrates that full length
Kif5B also shows processive movement along microtubule although the frequency is much lower
compared to truncated Kif5B [308]. More importantly, full length Kif5B exhibits motile behavior
composed of frequent pauses intersected with bursts of movements at varied velocities, with an
overall average speed of ~100 nm/s. Both the average speed and the motile behaviors of the KFC

complexes in our assay highly match these of the full length Kif5B alone. Therefore, we suggest that
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while the KFC complex is not fully activated but it is clearly sufficient to reconstitute the kinesin

dependent transport of HIV-1 capsid.

Second, the run lengths determined for both the KF and KFC complexes might misrepresent an
underestimate (Fig. 8.5) as a subset of particles remained associated with the microtubule at the
end of the experiment (i.e. had not completed their run). As such, experiments with an extended
imaging period are required to validate the run lengths. It is also worth noting that the stoichiometry
of the KFC complex varies, whereby the average number of motors per capsid depends on the
concentrations of the different components. As such the landing rate of this complex (calculated
relative to the Kif5B concentration) depends on the conditions used for reconstitution and is not

directly comparable to the landing rate calculated for complexes with well-defined stoichiometry.

Lastly, we have shown here that the KFC complex is sufficient to mediate the kinesin-dependent
transport of HIV-1 capsid. As mentioned above, additional factors or post-translational
modifications could further regulate this complex. The phosphorylation of FEZ1 and the microtubule
binding protein MAP7 are two of the potential regulatory factors which we are in the process of
examination. Phosphorylation of FEZ1 at residue serine 58 has been suggested to be essential for
the kinesin-dependent transport of HIV-1 capsid [53, 186]; similarly, other reports claim that the
interaction between FEZ1 and kinesin-1 is strictly dependent on the phosphorylation of FEZ1 at
serine 58 [182, 185]. In our assay, FEZ1 is recombinantly produced from E. coli therefore not
phosphorylated. Although we demonstrated that the non-phosphorylated FEZ1 is sufficient to
interact with Kif5B and form processive complexes, we do not rule out the possibility that the
phosphorylation of FEZ1 might further affect the activity of the KF and KFC complexes. We plan to
investigate this by using both FEZ1 recombinantly produced from insect cell expression system
(phosphorylated), as well as phosphomimetic mutants of FEZ1 (S58D, S58E) recombinantly
produced from E. coli. We also tested MAP7, a known kinesin activator [345, 348, 349], in our assay
once without seeing a significant effect when this thesis was written (data not shown). These
experiments will be pursued in the future to identify additional factors that regulate the transport

of HIV-1 capsid by the kinesin motor complex.
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Chapter 6

Conclusions and future directions
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6. Conclusions and future directions

A key to understanding the multifaceted role of the capsid during HIV infection is to better
understand the varied interactions it has with host cell molecules. On one hand, the capsid serves
as a protective shell that shields the virus from the host cell immune response. On the other hand,
the capsid is required to interface with numerous cellular components during early infection
including reverse transcription, retrograde transport, uncoating, nuclear entry, and integration site
targeting in a precisely controlled manner. These processes are actively regulated by the
interactions between HIV-1 capsid and multiple host factors. The aim of this thesis is to further our
understanding of how the interplay between capsid and host factors modulate HIV-1 viral

activities, specifically focusing on the cytoplasmic transport process.

Chapter 3 contains our published study [121] which focuses on the CypA-capsid interaction and
investigates a previously proposed secondary capsid binding motif on the host protein CypA [109].
Mutational analysis of the residues comprising the proposed showed that they were not involved
in capsid binding; and suggested that if a secondary binding site does exist, it is very weak. In
addition, the chapter describes an optimized method for the assembly of soluble, stabilized HIV-1
capsids that are fluorescently labeled and retain the shape of native viral capsids. This method
allows for the generation of capsid assemblies that are well-suited for the investigation of capsid-

host interactions as well as the motility assays in Chapter 4 and Chapter 5.

The focus of this thesis then turned to a different set of host proteins required for the cytoplasmic
transport of the viral core to the nucleus. It has been shown that the HIV-1 viral core exploits
microtubule motor complexes; however, the details of how the viral core assembles into a
functional transport complex remained unclear. Based on cellular knock-down assays and
biochemical characterizations, recent studies proposed a model whereby the HIV-1 capsid hijacks
dynein via the adaptor protein BICD2 [52, 74] and kinesin via the adaptor protein FEZ1 [53, 73,
186] to form motor-adaptor-cargo complexes (dynein-dynactin-BICD2-capsid (DDBC) and kinesin-
FEZ1-capsid (KFC)) for active transport along microtubules. The aim of Chapter 4 and Chapter 5 is
to investigate the cytoplasmic transport of the HIV-1 viral core by reconstituting the DDBC and KFC

complexes in vitro and demonstrating their motilities along microtubule. One important
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achievement of this thesis is to establish the enabling technologies for imaging motor-driven
capsid transport, including protein expression, purification and labelling for formation of
functional complexes; surface chemistry for deposition of microtubules while resisting non-specific
adsorption of proteins to the surface; sample delivery on the microscope and optimization of

imaging conditions; semi-automated analysis of TIRF movies and single-particle trajectories.

Chapter 4 examined the interaction between BICD2 and the HIV-1 capsid using a novel TIRF
imaging-based biosensor developed as part of this thesis to measure the dissociation constant (Kp)
and stoichiometry of this interaction. The biosensor builds on previous designs [124, 350] but uses
self-assembled, stabilized CA cones (instead of CA tubes or spheres) immobilized at the bottom
surface of a microfluidic channel device. BICD2 binding was strongly reduced with capsids bearing
the R18G substitution, revealing the positively charged R18 pore as a major BICD2 binding site
while the residual level of binding suggested the existence of additional binding sites. The
molecular dissection of the BICD2-capsid interaction facilitated the main aim of this chapter,
namely the reconstitution of the DDBC complex for TIRF microscopy-based imaging of its motility
along microtubules in real time. The DDBC complex was reconstituted from the dynein-dynactin
complex isolated from tissues, recombinant GFP-tagged BICD2 produced in insect cells and cross-
linked CA cones labelled with a chemical dye. These complexes bound to and moved along
fluorescence-labelled microtubules immobilized on the surface of glass coverslips. Imaging of this
process by multi-color TIRF microscopy provided the first evidence that this minimal machine
comprising dynein-dynactin-BICD2-capsid is sufficient for the dynein-dependent transport of HIV-1
capsid along microtubules while single-particle tracking provided the first insight into the
characteristics of this process. The establishment of the DDBC motility assay in this chapter will
underpin future experiments to study the movement of the DDBC complex, providing a platform

for the molecular dissection of dynein-dependent transport of the HIV-1 core.

Chapter 5 examined the FEZ1-capsid interaction. Quantitative biosensor measurements yielded
the dissociation constant (Kp) and stoichiometry of the complex between full-length FEZ1 and self-
assembled CA cones, expanding upon previous characterization of this interaction using FEZ1
truncations and the HIV-1 CA hexamer [73]. Mutational analysis confirmed that FEZ1 binds to the

R18 ring of HIV-1 capsid, as reported previously [73]. However, like BICD2, low level FEZ1 binding
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to R18G capsids suggested the existence of additional binding sites. For molecular dissection of its
function in vitro, the KFC complex was reconstituted using recombinant full length Kif5B produced
in insect cells, recombinant FEZ1 produced with or without GFP-tag in bacteria and cross-linked CA
cones labelled with a chemical dye. When imaged in the TIRF-microscopy motility assay, the
fluorescent signals of different components from this complex were observed to move together
along microtubules, confirming the model that a complex comprising kinesin-FEZ1-capsid is
sufficient to mediate the kinesin-dependent transport of the HIV-1 viral core. This also provided
the first observation of the transport of physiological cargo by full-length kinesin heavy chain in
vitro. Single-particle tracking and statistical analysis of the trajectories of hundreds of processive
KFC particles showed that runs were interspersed with pauses and provided the average speed,
run length, and landing rate of the KFC complex. The CA R18G substitution strongly reduced the
formation of processive KFC particles indicating that the R18 ring is an important feature for the
kinesin-dependent transport of HIV-1 capsid, consistent with its importance for mediating the
FEZ1-capsid interaction. Unexpectedly, the complex consisting of Kif5B and FEZ1 exhibited motility
with the same speed and run length as the KFC complex, suggesting that the HIV-1 capsid in this
minimal system did not activate the complex. Future work will focus on identifying and
characterizing additional components and post-translational modification that control the motility
of the KFC complex. Since the capsid can recruit multiple motors simultaneously, the system
developed here could also be extended to study whether multiple motors coordinate their
activities to move the same cargo, whereby it is possible that mechanical coupling of the motors

may synchronise their motions.

Taken together, this work established an in vitro TIRF microscopy assay to image the cytoplasmic
transport of HIV-1 capsid in real time for single-particle tracking, providing a new tool for
molecular dissection of a vital process for early HIV-1 infection post cell entry. The observations
from this assay validate the proposed models for the cytoplasmic transport of HIV-1 viral core by
demonstrating that the DDBC and KFC complexes are sufficient for capsid transport, providing
direct evidence that the HIV-1 capsid hijacks these motor protein complexes. Motor activation
induced by cargo attachment has been an extremely challenging subject to study despite of the
efforts in the past years. This study, together with two studies of dynein-dependent mRNA

transport [351, 352] and a recent study of kinesin-dependent transport of mitochondria (which
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uses a truncated kinesin heavy chain for the reconstitution) [341], are among the first in vitro

systems using authentic cargo for mechanistic insight into this process.

Despite enormous progress in understanding HIV-1 capsid transport, a range of exciting research

guestions relevant for the fields of both HIV infection and motor proteins remain, including:

1) How do the capsid (cargo) and FEZ1 (adaptor) regulate kinesin activity?

2) How do the other components (e.g., MAP7 or kinesin light chain) and modification (e.g.,
phosphorylation of FEZ1) regulate the kinesin-dependent transport of capsid?

3) What are the mechanisms that determine the directionality of movement when both dynein

and kinesin motor are recruited to the same capsid?
The approaches to analyze capsid transport at the single-particle level in a defined system

developed as part of this thesis will be instrumental in addressing these questions and identifying

strategies to target this essential process for HIV therapy.
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8.1. Immobilization of pre-assembled microtubules and HIV-1 capsids on modified surfaces

The surface chemistries for immobilizing assembled microtubules and HIV-1 capsid are
schematically shown (Fig. 8.1.A-B). Immobilized microtubules and capsid were used for the TIRFm
motility assay and the TIRFm capsid binding assay, respectively. Microtubules were immobilized by
adding biotinylated anti-a-tubulin antibody to our standard PLL-PEG-biotin-streptavidin system.
HIV-1 capsids were immobilized using a tandem-antibody system (a primary mouse anti-CA antibody
and a secondary biotinylated anti-mouse IgG F(AB’)2 fragment) with our standard PLL-PEG-biotin-
streptavidin system. Representative TIRFm images show immobilized microtubules (Fig. 8.1.C) and
HIV-1 capsids (Fig. 8.1.D).
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Fig. 8.1. Immobilization of assembled microtubules or HIV-1 capsids on modified surfaces. A-B.
Schematic display of the surface chemistry for immobilizing assembled microtubules for motility
assays (A) and HIV-1 capsids for capsid binding assays (B). C-D. Representative TIRFm images of

immobilized microtubules (C) and HIV-1 capsids (D)
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8.2. SDS PAGE showing the purified proteins

Fig. 8.2. Reducing SDS PAGE with Coomassie staining showing most of the purified proteins used
in this thesis. 1. Tubulin. 2-3. hKif5B-mScarlet and dark hKif5B. 4-5. sSfGFP-mBICD2N35.400 and
sfGFP-mBICD2¢.. 6-7. Dark hFEZ1 and sfGFP-hFEZ1. 8. Represent HIV-1 CA protein of all the

mutants.
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8.3. Summary of the interaction measurements between BICD2 or FEZ1 and HIV-1 capsids

assembled from CA A92E/A204C or CA A204C

In all the motility assays, we used capsids assembled with CA A92E/A204C (or CA
R18G/A92E/A204C when applicable); the amino acid substitution A92E located in the Cyp binding
loop on the exterior surface of the capsid improves the solubility of self-assembled capsid particles
(see 3.3). To characterize the interactions between HIV-1 capsid and BICD2 or FEZ1, we used
capsids assembled with either (1) CA A204C or (2) CA A92E/A204C (Fig. 8.3). Both BICD2 and FEZ1
showed significant differences in affinity for binding to capsids assembled from CA A92E/A204C or
CA A204C, possibly resulting from measurement errors due to poor signal-to-noise and/or the
proteins might make additional weak contacts with the CypA binding loop (e.g. leading to the ~5-

fold increase in Kp of the complex formed with BICD2 upon introduction of the A92E substitution.
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Fig. 8.3. Summary of BICD2 or FEZ1 binding to HIV-1 capsids assembled from CA A92E/A204C or
A204C. Dissociation constant (A, Kp) and maximum molar binding ratio (B, Bmax) for the BICD2 or
FEZ1 binding assays performed using HIV-1 capsid A92E/A204C (black) and A204C (red). Values of
Kp and Bmax are shown in C (mean * SD, n 2 6). Statistical analysis performed using one-way
ANOVA, Tukey’s multiple comparisons test (****, p<0.0001; ***, 0.0001 < p < 0.001; **,0.001 <p

< 0.01; ns, not significant).
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8.4. Analysis to identify “pause” time and calculate average speed

We used the FlJI plugin TrackMate for detection and tracking of single particles in the field of view.
The trajectories (X/Y-coordinates) from TrackMate were then further analyzed using a MATLAB
script to identify pauses (displacement of less than 30 nm/s) and phases of motility and extract
average speed (excluding pauses) and run length of KFC and KF particles. A kymograph of a typical
trajectory with multiple pauses and the corresponding displacement trace used to identify pauses
is shown in Fig. 8.4. Analysis of this trajectory provided the following parameters: walking time (44
s), pause time (30 s), and average speed (178 nm/s); the parameters highly matched with those

based on manual analysis of the kymograph.
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Fig. 8.4. Identification of pauses in an example trajectory. A. Kymograph of the capsid channel for
a processive KFC particle. The particle walked for 7.9 um over 74 s (44-119 s) with multiple pauses
in the middle and at the end of the run (green arrows). B. Corresponding displacement trace. Pauses

identified by the analysis script are highlighted with red circles.
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8.5. Statistical analysis of the landing rates of KFC complexes with different composition

Table 8.1 contains the P values obtained by statistical analysis of the landing rate data shown in Fig.

5.8.A.

Tukey's multiple comparisons test Summary | Adjusted P Value
K-dark_F-dark C-488 vs. K-dark_F-dark C-647 * 0.0237
K-dark_F-dark_C-488 vs. K-dark_F-gfp_C-647 ns 0.9945
K-dark_F-dark C-488 vs. K-647_F-dark _C-488 ns 0.1061

K-dark_F-dark_C-488 vs. K-dark_F-dark_C-r18g-488 ns 0.097
K-dark_F-dark_C-488 vs. K-dark_F-dark_C-r18g-647 ns 0.0535
K-dark F-dark_C-488 vs. K-dark_F-gfp_C-r18g-647 ns 0.2857
K-dark _F-dark_C-647 vs. K-dark_F-gfp_C-647 ns 0.2346
K-dark_F-dark_C-647 vs. K-647_F-dark_C-488 o <0.0001
K-dark_F-dark_C-647 vs. K-dark_F-dark C-r18g-488 bl <0.0001
K-dark_F-dark_C-647 vs. K-dark_F-dark C-r18g-647 o <0.0001
K-dark F-dark_C-647 vs. K-dark_F-gfp_C-r18g-647 e 0.0009
K-dark_F-gfp_C-647 vs. K-647_F-dark_C-488 ns 0.0545
K-dark _F-gfp C-647 vs. K-dark_F-dark_C-r18g-488 * 0.0499
K-dark _F-gfp C-647 vs. K-dark_F-dark_C-r18g-647 * 0.0285
K-dark_F-gfp_C-647 vs. K-dark_F-gfp_C-r18g-647 ns >0.9999
K-647 F-dark_C-488 vs. K-dark_F-dark _C-r18g-488 ns >0.9999
K-647_F-dark_C-488 vs. K-dark_F-dark_C-r18g-647 ns >0.9999
K-647_F-dark_C-488 vs. K-dark_F-gfp_C-r18g-647 ns >0.9999
K-dark_F-dark_C-r18g-488 vs. K-dark_F-dark_C-r18g-647 ns <0.0001
K-dark_F-dark_C-r18g-488 vs. K-dark_F-gfp_C-r18g-647 ns >0.9999
K-dark_F-dark_C-r18g-647 vs. K-dark_F-gfp_C-r18g-647 ns >0.9999

Table 8.1. One-way ANOVA-Tukey’s with multiple comparisons test of the landing rates of KFC

complexes with different compositions.
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8.6. Preliminary analysis comparing the motility of KF and KFC complexes

Parameters extracted from the trajectories of KF and KFC complexes were compared to determine
whether the duration of walking and pausing phases differed between these complexes (Fig. 8.6).
While no significant change was observed for walking time, KFC complexes showed an increase in
total time and pause time compared to KF complexes. Further investigation is needed to validate
these differences and determine their molecular basis (e.g. whether there is a correlation of these

parameters with the number of motors per complex).
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Fig. 8.5. Comparison of parameters describing the trajectories of KF and KFC particles. Total time
of a processive particle remaining associated with the microtubule, walking time, and pause time
were extracted from trajectories following the approach as described in section 8.4. Different

groups in the bar charts were compared using an unpaired T test (****, p <0.0001; ns, not significant,

p>0.05).
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